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ABSTRACT

While liquid metals, such as mercury, have been used in electronics for quite some
time, the non-toxic gallium based liquid metals have caused an increase in research for
liquid metal applications. Some of the potential applications that have been previously
presented range from reconfigurable antennas, strain and pressure sensors, and speakers
and microphones to name a few. The focus of this work is to provide further research into
the use of gallium based liquid metals as a reconfigurable antenna, a phase shifter, and an
array.

This is done by designing, constructing, and characterizing each of these

reconfigurable liquid metal (LM) devices as a demonstration of their possibilities.
Much of the antenna research using gallium based LM focuses on a design that
varies the amount of LM in a cavity to reconfigure the antenna and manipulate the desired
characteristics, such as the resonance, radiation pattern, or input impedance. Presented in
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this research is how one may control the characteristics of the device by stretching rather
than filling and vacating a cavity.
Presented first is a simple stretchable LM monopole antenna. A 3D printed cylinder
is made as a mold to create a stretchable polymer with a cavity for the LM. Once the
polymer is cured and removed from the mold, its cavity is filled with LM and capped off.
Tuning the antenna is accomplished simply by stretching the antenna to increase its length
and modify its resonant frequency. Simulations and measurements of the antenna show
that the stretchable LM antenna can be designed to satisfy an application in need of a
wideband antenna.
Second, a stretchable liquid metal phase shifter, made much the same as the
monopole antenna, is presented. Based on a coax design, when stretched, the path
lengthens and phase changes. Simulations and measurements show the available phase
shift almost triples what was previously available for a LM phase shifter.
Lastly, an array combining two of the stretchable LM antennas and the stretchable
LM coaxial phase shifter is presented and constructed. Resonant frequency tuning is still
obtained by stretching the monopole antennas, but the stretchable phase shifter adds the
ability to change the phase of the input signal to steer the antenna beam. Simulations and
measurements confirm the ability to rotate the beam 180° (end-to-end) at three different
frequencies.

vii

TABLE OF CONTENTS
DEDICATION ................................................................................................................... iv
ACKNOWLEDGEMENTS ................................................................................................ v
ABSTRACT ....................................................................................................................... vi
TABLE OF CONTENTS ................................................................................................. viii
LIST OF FIGURES ........................................................................................................... xi
LIST OF TABLES ........................................................................................................... xvi
CHAPTER 1: Introduction ................................................................................................. 1
1.1. Motivation ................................................................................................................ 1
1.2. Literature Review .................................................................................................... 4
1.3. Research Objectives ............................................................................................... 13
CHAPTER 2: Liquid Metals............................................................................................. 16
2.1. Introduction ............................................................................................................ 16
2.2. Mercury .................................................................................................................. 16
2.2.1. Cavity Fillings ................................................................................................ 16
2.2.2. Lighting .......................................................................................................... 17
2.2.3. Gauges ............................................................................................................ 17
2.2.4. Mining ............................................................................................................ 18
2.2.5. Electronics ...................................................................................................... 18
2.2.6. Properties ........................................................................................................ 19
2.2.7. Toxicity and Regulations ................................................................................ 20
2.3. Gallium .................................................................................................................. 22
2.3.1. Semiconductors .............................................................................................. 22
2.3.2. Gallium Based Liquid Metals ......................................................................... 23
CHAPTER 3: EcoflexTM Stretchable Polymer ................................................................. 31
3.1. Stretchable Polymers ............................................................................................. 31
3.2. EcoflexTM Properties .............................................................................................. 31
3.2.1. Young’s Modulus of EcoflexTM ..................................................................... 32
3.2.2. Poisson Ratio of EcoflexTM ............................................................................ 35
3.2.3. Electrical Permittivity of EcoflexTM ............................................................... 36
CHAPTER 4: Stretchable Liquid Metal Monopole Antenna ........................................... 38
4.1. Monopole Antenna ................................................................................................ 38
viii

4.2. Monopole Design ................................................................................................... 38
4.3. Simulations ............................................................................................................ 40
4.3.1. CST Simulations ............................................................................................. 40
4.3.2. Comsol Multiphysics Simulations .................................................................. 41
4.3.3. Combined Simulations ................................................................................... 43
4.4. Construction ........................................................................................................... 44
4.4.1. EcoflexTM Mold .............................................................................................. 45
4.4.2. EcoflexTM Tube .............................................................................................. 47
4.4.3. Liquid Metal ................................................................................................... 48
4.4.4. Ground Plane and SMA Connector ................................................................ 48
4.4.5. Connecting the Ground Plane to the EcoflexTM Tube .................................... 49
4.5. Monopole Measurements ....................................................................................... 50
4.5.1. Return Loss (S11 Results) ............................................................................... 51
4.5.2. Radiation Patterns ........................................................................................... 54
4.5.3. Gain Measurements ........................................................................................ 59
CHAPTER 5: Stretchable Liquid Metal Phase Shifter ..................................................... 63
5.1. Phase Shifter .......................................................................................................... 63
5.2. Phase Shifter Theory and Design........................................................................... 63
5.3. Simulations ............................................................................................................ 67
5.3.1. CST Simulations ............................................................................................. 67
5.3.2. Comsol Multiphysics Simulations .................................................................. 69
5.3.3. Combined Simulations ................................................................................... 71
5.4. Construction ........................................................................................................... 74
5.4.1. 3D Printing the Mold ...................................................................................... 75
5.4.2. Creating the EcoflexTM Liquid Metal Containers ........................................... 76
5.4.3. Copper Interfacing Rings, Attachment Disks, and SMA Connectors ............ 77
5.4.4. Dispensing the Liquid Metal, Sealing, and Assembly ................................... 78
5.5. Measurements ........................................................................................................ 82
5.5.1. Insertion Loss ................................................................................................. 82
5.5.2. Return Loss ..................................................................................................... 85
5.5.3. Phase Shift ...................................................................................................... 87
CHAPTER 6: Stretchable Liquid Metal Antenna Array .................................................. 90
6.1. Antenna Array........................................................................................................ 90
ix

6.2. Basic Theory and Design ....................................................................................... 90
6.3. Simulations ............................................................................................................ 92
6.3.1. Active Return Loss and Radiation Patterns .................................................... 93
6.4. Construction ........................................................................................................... 97
6.5. Measurements ........................................................................................................ 98
6.5.1. Active Return Loss and Radiation Patterns .................................................... 99
6.5.2. Gain .............................................................................................................. 106
CHAPTER 7: Conclusion ............................................................................................... 108
7.1. Stretchable Liquid Metal Monopole Antenna ..................................................... 108
7.2. Stretchable Liquid Metal Coaxial Phase Shifter .................................................. 109
7.3. Stretchable Liquid Metal Antenna Array............................................................. 109
7.4. Additional and Future Research .......................................................................... 110
REFERENCES ............................................................................................................... 111
APPENDIX A: Gain of Transmitting Horn ................................................................... 119
APPENDIX B: Simulation Results of Array ................................................................. 120
APPENDIX C: Measured Radiation Patterns of Array ................................................. 127

x

LIST OF FIGURES
Figure 1: Monopole antenna showing liquid metal control via a DC electric potential [1].
............................................................................................................................................. 5
Figure 2: Five-element Yagi-Uda liquid metal array with seven elements [5].................. 6
Figure 3: Patch antenna with switchable slots showing skin residue before and after
carrier liquid [7]. ................................................................................................................. 7
Figure 4: Cone antenna with liquid metal reflector poles [6]. ........................................... 8
Figure 5: Stretchable liquid metal monopole [10]. ............................................................ 9
Figure 6: Stretchable liquid metal dipole with two elastomers [11]. ............................... 10
Figure 7: Stretchable phase shifter—(Left) Cross-section view, (Right) Changing the
phase shift [30].................................................................................................................. 12
Figure 8: Mercury switch. ................................................................................................ 19
Figure 9: Deformities due to mercury poisoning of pregnant women—(Left) Missing
fingers and toes, (Right) 9 year old with limited cognitive ability suffering from
hydrocephalus since 3 months old [53]. ........................................................................... 21
Figure 10: Looking into a bottle of agitated generic galinstan with an oxide surface. .... 26
Figure 11: Gallium oxide enabling odd shapes on liquid metal [13]. .............................. 27
Figure 12: (Top) A solid cylindrical shaped sample of EcoflexTM, (Bottom) Two 3D
printed molds for creating hourglass shaped samples of EcoflexTM. ................................ 33
Figure 13: EcoflexTM samples—(Left) Stretched in tensile machine, (Right) Showing
over 400% stretch. ............................................................................................................ 34
Figure 14: Stress vs. strain curve for various EcoflexTM samples. The stress over the
strain represents the instantaneous Young’s Modulus at that point only.......................... 34
Figure 15: Longitudinal strain vs. lateral strain curve for various EcoflexTM samples.
The lateral strain over the longitudinal strain represents the instantaneous Poisson ratio at
that point only. .................................................................................................................. 36
Figure 16: EcoflexTM 00-30 permittivity—(Left) Measuring the permittivity, (Right)
Permittivity results. ........................................................................................................... 37
Figure 17: Initial CST Design--(Left) CST model, (Right) Impedance match showing S11
results. ............................................................................................................................... 40
Figure 18: Comsol antenna simulations—(Left) Antenna’s diameter shrinks as it is
stretched, ........................................................................................................................... 42
Figure 19: Mold Design—(Left) Initial design, (Right) Separated/leaky plug. .............. 46
Figure 20: 3D Prints—(Left) Final mold design, (Right) Stretchable test fixture. .......... 47
Figure 21: Cut-out ground planes and soldered SMA connector .................................... 49
Figure 22: Finished stretchable, liquid metal monopole antennas. .................................. 50
xi

Figure 23: Simulation results for S11 with delta 0 to 60 mm. .......................................... 52
Figure 24: Simulated and measured S11 results at delta = 0 and 60 mm. ........................ 52
Figure 25: Simulated and measured S11 results at delta ≈ 4, 20, and 36 mm. ................. 53
Figure 26: Simulated vs measured S11 results while continuously stretched................... 54
Figure 27: Antenna set up for H-plane pattern measurement .......................................... 55
Figure 28: Simulated vs measured patterns at 1.848 GHz—(Left) E-plane cut, (Right) Hplane cut. ........................................................................................................................... 56
Figure 29: Simulated vs measured patterns at 2.047 GHz—(Left) E-plane cut, (Right) Hplane cut. ........................................................................................................................... 57
Figure 30: Simulated vs measured patterns at 2.4 GHz—(Left) E-plane cut, (Right) Hplane cut. ........................................................................................................................... 57
Figure 31: Simulated vs measured patterns at 2.93 GHz—(Left) E-plane cut, (Right) Hplane cut. ........................................................................................................................... 58
Figure 32: Simulated vs measured patterns at 3.168 GHz—(Left) E-plane cut, (Right) Hplane cut. ........................................................................................................................... 58
Figure 33: RF cable loss over band 0.5 GHz to 4.5 GHz. ............................................... 61
Figure 34: Stretchable liquid metal coaxial phase shifter [30]. ....................................... 64
Figure 35: Cross-section of coax phase shifter with different shields [30]. .................... 64
Figure 36: CST phase shifter model with labels. ............................................................. 68
Figure 37: Initial CST simulation results for S21 phase angle with delta varying 0 to 65
mm. ................................................................................................................................... 68
Figure 38: Comsol phase shifter simulations—(Left) Phase shifter’s diameter shrinks as
it is stretched, (Right) Plots of the phase shifter’s height and radius vs delta. ................. 70
Figure 39: CST phase shifter model with EcoflexTM shrunk past shield interface ring. . 72
Figure 40: CST phase shifter model with an hourglass taper implemented. ................... 72
Figure 41: Final CST simulation results for insertion loss with delta varying 0 to 65 mm.
........................................................................................................................................... 73
Figure 42: Final CST simulation results for return loss with delta varying 0 to 65 mm. 73
Figure 43: Final CST simulation results for phase angle and shift with delta varying 0 to
65 mm. .............................................................................................................................. 74
Figure 44: Initial 3D print molds for the EcoflexTM containers—(Left) Disassembled
with keys, (Right) Assembled. .......................................................................................... 75
Figure 45: Final 3D print molds for the EcoflexTM containers—(Left) Disassembled
inside container, (Middle) Disassembled outside container, (Right) Assembled printed
molds. ................................................................................................................................ 76
Figure 46: Copper interfacing ground rings with and without the copper foil tape. ....... 77
xii

Figure 47: SMA connector prior to Teflon insulation removed. ..................................... 78
Figure 48: Inner EcoflexTM liquid metal containers with interfacing shield rings. ......... 79
Figure 49: Partially assembled phase shifters showing the soldered interfacing shield
rings................................................................................................................................... 80
Figure 50: Completed phase shifter prototypes darkened from anechoic foam residue. . 81
Figure 51: Phase shifter stretcher..................................................................................... 82
Figure 52: Measured insertion loss with stretches varying 0 to 65 mm. ......................... 84
Figure 53: Simulated and measured insertion loss over a delta/stretch of 0 to 65 mm.
Also includes the measured insertion loss with a stretch 0 to 40 mm—the maximum
stretch with S11 = -10 dB or better. ................................................................................... 84
Figure 54: Measured return loss with stretches varying 0 to 65 mm. .............................. 85
Figure 55: Simulated and measured return loss over a delta/stretch of 0 to 65 mm. Also
includes the measured return loss with a stretch 0 to 40 mm—the maximum stretch with
S11 = -10 dB or better. ....................................................................................................... 86
Figure 56: Measured phase angles at varying stretches from 0 to 65 mm. Also includes
phase shifts with a stretch of 65 mm (100% stretch) and 40 mm (maximum stretch with
S11 = -10 dB or better)....................................................................................................... 88
Figure 57: Array orientation. ............................................................................................ 92
Figure 58: Simulation results at 2.4 GHz with a 90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. ...................................................................... 94
Figure 59: Simulation results at 2.4 GHz with a 0° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect) shows identical curves, (Right)
Normalized H-plane radiation pattern showing a broadside beam. .................................. 94
Figure 60: Simulation results at 2.4 GHz with a -90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. ...................................................................... 95
Figure 61: Test fixture for array....................................................................................... 97
Figure 62: Array setup and assembly............................................................................... 98
Figure 63: Photo of array setup excluding the attenuator and antennas inside the anechoic
chamber. ............................................................................................................................ 98
Figure 64: Radiation pattern testing configuration for measuring the beam direction of
the antenna array. The sketch also shows the direction of rotation on the test tower. ... 101
Figure 65: Array setup on the rotating tower in the anechoic antenna chamber. .......... 102
Figure 66: Measurement results at 2.4 GHz with a 90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 103

xiii

Figure 67: Measurement results at 2.4 GHz with a 0° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing a broadside beam. .................................................................. 103
Figure 68: Simulation results at 2.4 GHz with a -90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 104
Figure 69: Simulation results at 2.0 GHz with a 90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 120
Figure 70: Simulation results at 2.0 GHz with a 0° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect) shows identical curves, (Right)
Normalized H-plane radiation pattern showing a broadside beam. ................................ 120
Figure 71: Simulation results at 2.0 GHz with a -90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 121
Figure 72: Simulation results at 2.4 GHz with a 90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 121
Figure 73: Simulation results at 2.4 GHz with a 0° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect) shows identical curves, (Right)
Normalized H-plane radiation pattern showing a broadside beam. ................................ 122
Figure 74: Simulation results at 2.4 GHz with a -90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 122
Figure 75: Simulation results at 3.2 GHz with a 90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 123
Figure 76: Simulation results at 3.2 GHz with a 0° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect) shows identical curves, (Right)
Normalized H-plane radiation pattern showing a broadside beam. ................................ 123
Figure 77: Simulation results at 3.2 GHz with a -90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 124
Figure 78: Simulation results at 3.5 GHz with a 90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 124
Figure 79: Simulation results at 3.5 GHz with a 0° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect) shows identical curves, (Right)
Normalized H-plane radiation pattern showing a broadside beam. ................................ 125

xiv

Figure 80: Simulation results at 3.5 GHz with a -90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 125
Figure 81: Measured H-plane radiation pattern at 2 GHz and φ = 90°.. Error! Bookmark
not defined.
Figure 82: Measured H-plane radiation pattern at 2 GHz and φ = 0°............................ 127
Figure 83: Measured H-plane radiation pattern at 2 GHz and φ = -90°.Error! Bookmark
not defined.
Figure 84: Measurement results at 2.4 GHz with a 90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 128
Figure 85: Measurement results at 2.4 GHz with a 0° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing a broadside beam. .................................................................. 128
Figure 86: Simulation results at 2.4 GHz with a -90° phase shift on antenna 1—(Left)
Active return loss (including mutual coupling affect), (Right) Normalized H-plane
radiation pattern showing an endfire beam. .................................................................... 129
Figure 87: Measured H-plane radiation pattern at 3.2 GHz and φ = 90°.................. Error!
Bookmark not defined.
Figure 88: Measured H-plane radiation pattern at 3.2 GHz and φ = 0°......................... 130
Figure 89: Measured H-plane radiation pattern at 3.2 GHz and φ = -90°. .................... 130

xv

LIST OF TABLES

Table 1: Mercury properties.............................................................................................. 19
Table 2: Properties of liquid metals. ................................................................................ 25
Table 3: Results of corrosion testing. .............................................................................. 29
Table 4: Initial monopole parameters. ............................................................................. 39
Table 5: Corrected monopole parameters. ....................................................................... 44
Table 6: Measured gain for five frequencies on E-plane cut ........................................... 61
Table 7: Measured gain for five frequencies on H-plane cut........................................... 62
Table 8: Preliminary phase shifter dimensions. ............................................................... 67
Table 9: Simulated array results at 2.4 GHz with beam directions 90°, 0°, and 270°. .... 95
Table 10: Measured array results at 2.4 GHz with beam directions 90°, 0°, and 270°.
Also repeats simulated values for comparison................................................................ 104
Table 11: Measured array gain at 2 GHz, 2.4 GHz, and 3.2 GHz with φ = 90°, 0°, and
270°. ................................................................................................................................ 106
Table 12: Simulated array results: 2 GHz, 2.4 GHz, 3.2 GHz, and 3.5 GHz with φ = 90°,
0°, and 270°..................................................................................................................... 126
Table 13: Measured array results at 2.4 GHz with beam directions 90°, 0°, and 270°.
Also repeats simulated values for comparison................................................................ 129

xvi

CHAPTER 1: Introduction
1.1. Motivation
The ability to reconfigure electronics is becoming more and more critical to
providing the needed adaptability that is necessary for our future and even our current
advanced communication systems. Relying on current techniques such as using diodes and
varactors to reconfigure and modify the radio frequency (RF) circuitry has limitations, such
as a limited number of states [1]. Utilizing liquid metals provides the capability of more
versatile tunable systems, and as a result, liquid metal has been used in creating
reconfigurable components such as filters [2], [3], frequency selective surfaces [4], and
antennas [1], [5]-[9].
In addition to these reconfigurable components and antennas, the use of liquid
metals in stretchable containers greatly expands the potential applications. While flexible
electronics have limits on the amount of bend, stretchable devices could be used to conform
to almost any type of curved surface, to bend and stretch while in use, or even be placed
on continuously moving parts. Also, with the ability of a stretchable material (rather than
a rigid material) to conform to the shape of a human body, wireless sensor patches could
be integrated into clothing or even bonded to skin [10] and would lead to increased comfort
for wearable electronics or even implantable medical devices [11]. Because of the many
potential applications in the area of health and fitness, research for wearable, stretchable
electronics has greatly increased in the last decade [10].
While wearable, stretchable electronics have received a lot of recognition, another
area for stretchable electronics is that of strain [12], [13] and pressure sensors [14], [13].
These sensors can be implemented into soft sensors such as for robot to human interactions,
1

or even as electronic skin (a.k.a. “second skin”) as other health and wellness monitors.
Such stretchable electronic interfaces can have a great impact on those suffering from warlike injuries, such as lost limbs, where prosthetic control would be needed.
Applications for other potential liquid metal uses have also been explored such as
stretchable inductors [15], loudspeakers and microphones [16], and others [17], [13];
however, the use of liquid metals for antennas can provide many of the needed capabilities
required for advanced communication systems.
As stated previously, the ability to reconfigure antennas provides great versatility
and tunability, especially as needed in many new or advanced communication systems
where wideband or even multiband requirements exist. A basic example is of a software
defined radio (SDR). The SDR often requires the ability to quickly switch between
different operating frequencies and even across different frequency bands. Because the
physical dimensions of an antenna determine the operating frequency, typically these
radios and similar communication systems rely on multiple antennas or antennas with large
operating bandwidths. The ability of a liquid metal antenna to quickly change size or shape
can easily provide the needed reconfigurability necessary for large tunable bandwidths and
also reduce the number of antennas required by the system.
Another example described by Song et al. [7] is that of the cognitive radio system.
These systems utilize an ultrawideband antenna [18] to continuously monitor the wireless
channel while searching for unoccupied frequency bands. Once an unoccupied band is
found, a wideband reconfigurable antenna with narrow instantaneous bandwidth is used
for the data transfer [19]. Typically, these systems rely on common switching or tuning
elements such as microelectromechanical system (MEMS) switches [20], PIN diodes [21],
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varactor diodes [22], or a combination of these [23] to reconfigure themselves [7].
However, a reconfigurable liquid metal antenna would be a perfect fit as a tunable
wideband antenna with a narrow instantaneous bandwidth, especially with the potential for
lower loss, more power handling, and greater tuning range [24].
Not only do modern and advanced systems require tunable antennas, but many also
require the ability to reconfigure the radiation pattern or to steer the radiation beam. This
ability enables a system to avoid electronic jamming, improve security, and achieve
multiple effective diversities in transmission [6]. Typically, pattern control is obtained by
mechanically rotating an antenna [25], changing the feed structure [26] or signal phases,
changing the antenna apertures [27],[28], or by using special advanced materials such as
frequency selective surfaces [29]. However, many times the external hardware or circuitry
involved in these antennas is large or complex and can greatly increase the cost of the
system. Because liquid metal antennas can easily change shapes and reconfigure, they can
greatly simplify the design and complexity, at a much lower cost, when used as patternreconfigurable antennas. Additionally, when combined with elastic polymers, a variety of
different designs as a pattern-reconfigurable antenna become possible.
Due to the ability of liquid metal antennas to meet the needs of these various
different applications, such as a reconfigurable tunable antenna for a software radio, a
tunable wideband antenna with a narrow instantaneous bandwidth for a cognitive radio
system, or a beam steerable and pattern-reconfigurable antenna to avoid electronic
jamming or provide transmission diversity, it seems apparent to ask if one cannot combine
these features into one liquid metal antenna. This research is dedicated to this objective—
to create a reconfigurable, stretchable wideband antenna with beam control.

3

1.2. Literature Review
Because of the non-toxicity of Galinstan® and eutectic gallium-indium (EGaIn) and
their low melting points, many have refocused their efforts to find applications for these
liquid metals. With the ability to not only flex but also stretch, as mentioned previously,
the excitement concerning potential wearable electronics has caused a large increase in
biomedical research involving liquid metal sensors or other similar monitoring devices.
However, this research is focused more on what liquid metals can do for antennas and
similar devices. In researching current literature, I discovered that most antennas focus on
filling or vacating a specific type of cavity to control the size of the radiator.
In [1], Wang et al. exploit the fact that the surface oxide that forms on EGaIn can
be electrochemically removed or deposited by applying an electric potential (see Figure 1).
By applying an electric potential, the interfacial tension on the liquid metal can be increased
or decreased which in turn allows the liquid metal flow to be controlled in or out of a
capillary. Wang et al. [1] use this characteristic to adjust the length of a monopole antenna
from 75 mm to 4 mm to obtain a corresponding tuning range of 0.66 GHz to 3.4 GHz.
While the large tunability of the antenna is exciting, one unfortunate tradeoff for this design
is efficiency and high gain. As part of controlling the flow of the liquid metal, an
electrolyte (1 M NaOH) is used to complete the DC current loop. Because of the
conductivity of the electrolyte, the electrolyte losses become greater than the liquid metal
ohmic losses and as a result, the efficiency is decreased. In [1], Wang et al. indicate that
this issue causes the efficiency of the antenna to drop down to 41% when at a resonance of
0.96 GHz and a length of 55 mm. While the efficiency and ultimately the gain isn’t as high
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as desired, it may be an acceptable tradeoff for specific applications requiring the high
tunability of the antenna.

Figure 1: Monopole antenna showing liquid metal control via a DC electric potential [1].

Many of the reconfigurable antennas use syringes as the method to fill or vacate the
radiator cavity. [5]-[7] all use syringes to move, remove, or inject their antennas with liquid
metal.
In [5], a five element Yagi-Uda monopole antenna is presented. The syringes in
this design are attached to seven different polytetrafluoroethylene (PTFE) tubes. By
manually actuating the syringes, the user fills three to five of these tubes to specific heights
required for his desired resonant frequency and gain. The center element of the seven
serves as the fed element while the others function as parasitic directors or reflectors. In
the design as shown in Figure 2, Morishita et al. [5] limit the Yagi-Uda antenna to five
elements at a time, while the empty two elements are then used when desired to reverse the
direction of the radiation beam. By injecting the liquid metal into the two empty elements,
emptying the last two elements, and appropriately adjusting the sizes of the elements, the
direction of the main beam can be reversed from forward to backward. While this design
5

is able to obtain good frequency control, high gain, and forward or backward beam control,
the design still relies on manual actuation of the syringes. Ideally, as stated by Morishita
et al. [5], the liquid metal would be controlled by a more mature system, such as
micropumps digitally controlled by a computer. This would allow quick tuning for specific
frequencies, gain, and beam direction.

Figure 2: Five-element Yagi-Uda liquid metal array with seven elements [5].

As with the Yagi-Uda antenna, many times syringes are used in the prototype phase
of an antenna when a more ideal solution would be to use a pump. In [7], a patch antenna
with switchable slots also uses syringes when a pump would be a more preferred solution.
Independent of this, the design obtains wideband frequency tuning from 1.9 to 3.5 GHz.
The antenna tuning is accomplished by utilizing three pairs of slot gaps in a patch antenna
that are filled partially, fully, or emptied of the liquid metal (EGaIn). By controlling which
pair of the slots is emptied or partially filled, the resonant frequency is able to be tuned.
However, due to this design relying on the liquid metal moving in and out of
conducting channels, one obstacle that had to be overcome is that of liquid metal skin
residues being left behind when the liquid metal is removed from the channel. These
residues can interfere with the tuning of the frequency and prevents proper control of the
6

antenna. To assist in overcoming this issue, one technique used by Song et al. [7] was to
add mineral oil as the carrier liquid. As shown in Figure 3, once the mineral oil was used
to encapsulate the liquid metal, the formation of the skin residues was greatly reduced.

Figure 3: Patch antenna with switchable slots showing skin residue before and after carrier liquid [7].

Finally, as with the Yagi-Uda example, if a digitally controlled pump is utilized
rather than manually actuated syringes, this design would provide a good example of a
quickly tunable wideband patch antenna with a bandwidth of 70% and excellent radiation
patterns over the entire band.
Another liquid metal antenna design that used syringes is detailed in [6]. As shown
in Figure 4, it consists of a cone antenna surrounded by eight liquid metal parasitic reflector
poles. In this design the poles are either filled or vacated in order to steer the radiation
pattern of the cone. By filling one or more poles, the pattern is reflected in the opposite
direction thus enabling the beam steering. While this design obtains a wide bandwidth
from 1.7 to 2.7 GHz due to the cone radiator and good beam steering along the horizon, it
still relies on the syringes or potentially a pump to adjust the steering. Also, it lacks the
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frequency tunability that could be obtained when the liquid metal serves as the radiator
itself.

Figure 4: Cone antenna with liquid metal reflector poles [6].

One method of overcoming some of the obstacles as detailed by the previous
designs is to turn to a stretchable design to obtain the reconfigurability of the antenna. By
doing this, the need for external syringes or pumps is eliminated along with the potential
issues related to removing the liquid metal from the tubes, such as the liquid metal skin
residues.
In [10], Jackson et al. show the feasibility of a stretchable liquid metal-based
antenna. While focusing on the manufacturing methods of such antennas, a liquid metal
monopole antenna was fabricated and the impedance was tested. The monopole was
constructed of EcoflexTM 00-50 as the stretchable liquid metal container and a galliumindium-tin alloy as the liquid metal (see Figure 5). It was implemented as a ¼ wavelength
monopole antenna over an 80 x 80 mm ground plane with a sub-miniature version A (SMA)
connector connecting to 50 Ω microstrip feedline under the ground plane. Simple testing
showed that when stretched by 3 cm, the resonant frequency responded by decreasing
linearly, while maintaining a good impedance match.
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Figure 5: Stretchable liquid metal monopole [10].

Jackson et al. [10] also showed that the liquid metal had an excellent fill-factor
when stretched. This was demonstrated by comparison of x-ray images of the antenna
when not stretched versus when stretched to 100% of its original length. Both images
showed that the liquid metal filled the cavity without discontinuities.
Additionally, discussed in the paper is the concern about the oxide layer that forms
on gallium based liquid metals when exposed to air.

This oxide layer affects the

conductivity of the metal but can be removed with hydrochloric acid (HCl) or broken with
a surface stress > 500mN/m [10]. This is surface stress is normally exceeded when
stretching the antenna, which indicates that the thin oxide layer should not be a concern
with a stretchable antenna.
Lastly, covered by Jackson et al. [10] was corrosion testing, due to gallium based
liquid metals being highly corrosive to many common conductive metals. Tested were Pt,
Au, Ti, Ni, Cu, Al, and PEDOT (poly 3, 4-ethylenedioxythiphene—a conducting polymer).
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Results showed that Al, Au, and PEDOT were highly corroded, Cu was slightly corroded,
Pt and Ti corroded the least, and Ni showed no corrosion. These results indicated that
while copper may be an acceptable metal to use for a feed point to the liquid metal, a better
solution would be a nickel-plated copper wire.
While Jackson et al. [10] don’t attempt to design a specific antenna for specific
results, their monopole antenna provides basic evidence that a stretchable liquid metal
antenna can meet the needs as a reconfigurable antenna in spite of the corrosiveness of the
liquid metal and the oxide layer that forms on the surface.
In [11], Kubo et al. designs a stretchable liquid metal dipole using two different
types of stretchable elastomers (see Figure 6).

Polydimethylsiloxane (PDMS) and

EcoflexTM 00-30 are the two different elastomers used in their design. With PDMS having
an elongation of break of 160%, it is used where a stiffer elastomer is needed, e.g. next to
the antenna feed point where the SMA connector interfaces with the antenna. Where more
stretch is needed, EcoflexTM 00-30 with an elongation of 900% is used. By combining the
use of both elastomers, Kubo et al. [11] are able to benefit from both elastomers to develop
a more stable and stretchable antenna.

Figure 6: Stretchable liquid metal dipole with two elastomers [11].
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Measurement results from the antenna show that with a maximum stretch of 120%
and repeated stretching, high efficiency of > 95% is still maintained. Additionally, a
tunable resonant bandwidth from 1.53 GHz to 0.738 GHz was obtained from the 120%
stretch. While the 120% stretch is far from EcoflexTM’s maximum elongation at break of
900%, it still triples previous maximums for antennas with only PDMS at 40%.
As stated before, because these stretchable designs do not rely on a device to fill
and vacate the liquid metal container, they avoid some of the related issues, such as the
liquid metal skin residue or radiation efficiency. Additionally, with Jackson et al. [10]
showing how to mitigate the issues of oxidation and corrosiveness, and with both
stretchable antenna examples proving the feasibility of a stretchable liquid metal antenna,
it seems logical that the next step would be to expand on the current research to design,
construct, and test a specific stretchable antenna to take advantage of all the lessons learned
to create an antenna with a greater tunable bandwidth, greater stretchability, and excellent
stability without the need for external pumps or syringes.
In reviewing current literature concerning a stretchable liquid metal phase shifter,
an excellent example of a stretchable liquid metal coaxial phase shifter was found. In [30],
Hayes et al. presented a phase shifter based on a coaxial cable design with liquid metal
(EGaIn) as the center conductor and also as the outer shield. The center conductor
consisted of the liquid metal encased in an elastic polymer (styrene-ethylene/butylenestyrene--SEBS) of the correct design diameter. The outer shield consisted of five liquid
metal wires (also liquid metal encased in elastic polymer) hand woven around the center
conductor. A cross-sectional cut of the design is shown in Figure 7. Also as shown Figure
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7, changing the phase shift was simply a matter of stretching the elastic polymer to increase
the time delay of a signal traveling through the transmission line.

Figure 7: Stretchable phase shifter—(Left) Cross-section view, (Right) Changing the phase shift [30].

With the characteristic impedance of the phase shifter defined mainly by the ratio
of the inside radius of the shield (b) to the radius of the center conductor (a), as shown in
equation (1), Hayes et al. [30] pointed out that this impedance should stay constant when
stretched. This is due to what they call the “Poisson Effect [30]”, which is derived from
the Poisson ratio of the material. The Poisson ratio is the proportionality constant which
defines how much lateral strain a material will experience for a specific amount of
longitudinal strain it experiences. Because of this Poisson Effect, if both the center
conductor and the shield conductor experience the same longitudinal strain (i.e. the same
stretch), they will also experience the same lateral strain. This in turn implies that while
the decrease in the radius may be greater for the shield than the center conductor, the ratio
of the two will stay constant over the stretch.
𝑍𝑐 =

1 𝜇
𝑏
√ ln ( )
2𝜋 𝜀
𝑎

(1)

Hayes et al. [30] then constructed the phase shifter and tested the impedance match
and phase shifting capabilities of the stretchable phase shifter. With a 20 mm stretch, they
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observed a 40° and 72° phase shift at 1 GHz and 2 GHz respectfully. However, at higher
frequencies, the gaps between the weaved liquid metal wires in the shield began to become
significant and started to cause breakdown of the TEM mode resulting in increased losses.
While the phase shifter provides an excellent example of what can be done with a
liquid metal coaxial design, it does begin to have limitations at higher frequencies.
However, a possible technique to overcome this limitation is to make the shield a solid
tube-like structure. As long at the shield does not exhibit holes or discontinuities when
stretched, this should resolve the TEM breakdown issues resulting in a phase shifter
capable of higher frequencies. This research will seek to test this design theory to improve
on the phase shifter by Hayes et al.
1.3. Research Objectives
As stated before, because of the non-toxicity of gallium based liquid metals such as
Galinstan® and EGaIn, a resurgence of studies for liquid metal applications has taken place,
especially in the last 10-15 years. Some of the applications pursued by researchers (as
detailed in the literature review) consist of reconfigurable antennas [1], [5]-[7], stretchable
antennas [10], [11], strain [12], [13] and pressure sensors [13], [14], and many others [13],
[15]-[17]. However, it is the objective of this research to expand on what’s been done to
develop a reconfigurable and stretchable liquid metal antenna, a phase shifter, and then to
combine these two to create an array that is capable of a large tunable bandwidth and beam
control.
Several reconfigurable liquid metal antennas have been presented by researchers,
but the majority of these designs are based on varying the amount of liquid metal in some
sort of tube or cavity based on a specific rigid shape. Additionally, typically a syringe [5],
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[6] or pump [7] is used to fill or vacate the antenna cavity, thus changing the size or length
of the antenna and in turn controlling a specific electrical characteristic, such as resonance,
gain, or beam direction. My objective differs in that I am focusing on controlling the
desired electrical characteristics by stretching the antenna rather than filling or vacating an
antenna cavity. This is done by using an elastic polymer as the liquid metal container.
When the elastic polymer stretches, the cavity elongates and the liquid metal fills the longer
cavity thus modifying the resonant frequency.
While stretchable antennas have been shown possible before [10], [11], this
research expands on the simple monopole or dipole stretchable antennas to demonstrate
the capabilities of an array of these stretchable liquid metal antennas. By creating an array,
not only can the resonant frequency be controlled, but also the radiation pattern can be
steered. This is accomplished by simply stretching a liquid metal coaxial phase shifter to
change its length which in turn changes the phase shift for whichever antenna to which it
is connected. The control of the phase on the antenna allows a phase difference between
the antenna array elements which leads to the ability of steering the main beam of the
antenna array.
This research starts by creating a simple stretchable liquid metal monopole antenna.
Material properties of the gallium based liquid metal and the elastic polymer are studied to
understand the capabilities and limitations of the antenna design. The monopole is then
designed and simulated in CST Microwave Studio and Comsol Multiphysics. Simulation
results are analyzed and studied. The antenna is then constructed and tested. Measurement
results are studied and analyzed while tweaking the simulation design to further match the
measured results. Once the monopole design is completed, the specific lessons learned
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from the monopole antenna and the lessons learned from the literature on stretchable liquid
metal phase shifters are applied to create a better stretchable liquid metal coaxial phase
shifter. Once again, the phase shifter is designed, simulated, constructed, and tested. With
the measured results, the CST design can also be tweaked to ensure the model accurately
matches reality and to assist in optimizing the design.
At this point, two monopole antennas are combined with the phase shifter to create
a stretchable liquid metal array. As in both prior cases, the design is created in CST with
simulations being used to optimize the results. Once the simulations are complete, the
components are combined to construct the antenna array. The array is then tested to
provide measured results for the impedance match, steered radiation patterns, and gain.
Once the discrepancies between the measured and simulated results are studied and
discussed, the work is summarized in a conclusion to detail the capabilities of a stretchable
liquid metal antenna array to steer its radiation pattern and with a wide operating band.
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CHAPTER 2: Liquid Metals
2.1. Introduction
Much of this research is based off the property advantages of using liquid metals
as a radiator. While the existence and potential use of liquid metals, such as mercury, has
been dated to as early as 1500 BC [31], it wasn’t until the 19th century that gallium was
discovered, and not until the 20th century when it and its alloys began to be explored as
alternatives to mercury. A review of the properties of mercury and gallium based liquid
metals is provided.
2.2. Mercury
The existence of mercury has been found in Egyptian tombs dated back to 1500 BC
[31], in 1800 year old Mexican pyramids [32], and in ancient history of China and Tibet
[33]-[34]. While it may be difficult to say exactly what it was used for back then, in modern
day it has been used for applications in dentistry, lighting, gauges, mining, and electronics
to name a few.
2.2.1. Cavity Fillings
When mercury mixes with other metals, the alloy it forms is called an amalgam.
Dental amalgams (a specific mixture of silver, tin, and copper with the mercury) have been
used for more than 150 years in hundreds of millions of people around the world to fill
cavities [35]. They are useful because when the dentist mixes the powdered alloy with the
mercury, it forms a putty that is easy to work with. It can then be formed to the necessary
shape to fill the cavity, before it hardens over time. While there has been reoccurring
debate concerning the safety of these dental amalgams (due to the mercury content), the
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Federal Drug Administration has approved them as safe for adults and children six and
older [35]. However, the EU (European Union) has prohibited their use in children under
15 and in pregnant or breastfeeding women and has also launched a study to determine the
feasibility of phasing out its use by 2030 [36].
2.2.2. Lighting
Mercury has also been used in lighting. Most lights containing mercury function
by using an electric current to excite mercury vapor which then produces light. When a
mercury-vapor lamp [37] is initially powered on, the mercury is slowly vaporized due to a
small electrical arc. While the vapor pressure is low, most of the light produced from the
lamp is ultraviolet, but as the lamp heats up and the pressure increases from the vaporized
mercury, the lamp begins to glow bright in the visible region. A fluorescent lamp [38],
which is designed to be used at lower pressures, differs in that it relies on the same
ultraviolet light produced from the mercury vapor to cause a phosphor coating on the inside
of the lamp to glow and convert the ultraviolet light to visible light. Both of these mercury
containing lamps are more efficient than traditional incandescent lamps [38], but are slowly
being phased out by LED (light emitting diodes) lights due to being even more efficient,
longer lasting, and not containing mercury which in many places require special disposal.
2.2.3. Gauges
Most likely the most common mercury gauge is that of the thermometer. However,
once again because of the toxicity, it has also been replaced by alcohol-based
thermometers, digital thermometers, and even Galinstan® thermometers. Other common
gauges using mercury are the barometer (for measuring air pressure, i.e. a pressure
altimeter) and the sphygmomanometer (blood pressure gauge); however, once again both
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are being gradually replaced by digital versions due to being safer, easier to use, or more
compact.
2.2.4. Mining
Mercury has also been used in gold mining and silver mining. Because mercury
forms an amalgam with both gold and silver, it is used to increase the recovery rate of these
metals during the mining process [39]. In particular with gold, when mixed with loose
gold-containing soil, the gold will stick or amalgamize when it comes into contact with the
mercury. The mercury-gold amalgam is then removed from the soil and heated to vaporize
the mercury leaving behind the gold. A similar process is followed with silver. However,
due to the hazards of mercury vapor, large-scale use of mercury in mining stopped in the
1960s but still occurs in small scale, often clandestine, gold mining operations around the
world [40].
2.2.5. Electronics
In electronics, probably the most common use of mercury has been in lighting (as
previously mentioned), batteries, switches, and relays.
Popular for use in camera and hearing aid batteries, the sale of mercury batteries in
the US essentially ended when congress passed a law in 1996 prohibiting the sale, unless
the manufacturer provided a facility for recycling the mercury [41].
Mercury switches (Figure 8) provide a few advantages such as their contact points
don’t oxidize because they are enclosed in glass, their contact surfaces also stay clean due
to their renewing on every switch, and that they’re safe in hazardous environments due to
any arcing from the switch being enclosed [42] . However, despite any advantages,
mercury switches, relays, thermometers, and other devices are also all being slowly phased
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out and replaced by newer, faster, and less governmentally restricted devices due to the
health hazards of mercury.

Figure 8: Mercury switch.

2.2.6. Properties
Because mercury has a decent electrical conductivity of 1.04 x 106 S/m, it has been
explored for uses in electronics even as tunable antennas as far back as 1939 [43]. Several
of the other properties of mercury are listed in Table 1.

Table 1: Mercury properties

Property
Color
Odor
Boiling point
Melting point
Vapor pressure
Density
Solubility
Viscosity
Thermal conductivity
Electrical conductivity

Mercury
Silver [40]
Odorless [40]
356.73 °C [39], [44]
-38.83 °C [39], [44]
0.1729 Pa @ 20 °C [39]
13.534 g/cm3 [44]
Insoluble [45]
1.526 x 10-3 Pa·s @ 25 °C [45]
8.541 W·m-1·K-1 [45]
1.04 x 106 S/m [44]

Mercury’s low melting point at -38.83 °C (-37.89 °F) and its ability to stay as a
liquid at such low temperatures made it popular in the use of thermometers. However,
because mercury can evaporate if left out from a broken thermometer and turn into an
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invisible, odorless, toxic vapor [46], the sale and manufacturing of mercury fever
thermometers has been banned in at least 13 states [47].
2.2.7. Toxicity and Regulations
As detailed above, almost every application for mercury has been prohibited or
regulated in some form or another. This is mainly due to the toxicity of mercury to humans
and wildlife. Even though many have been exposed to or even played with mercury when
younger, with no known health issues [48], [49], it is still known that mercury is a
neurotoxin that can cause severe health issues especially to young children and to a fetus
in pregnant woman. The affect mercury has on someone’s health depends on several
factors: the form of mercury during the exposure (methylmercury or elemental mercury),
the amount of mercury in the exposure, the age of the exposed person, the duration of the
exposure, how the exposure occurred (breathing, eating, skin contact), and the health of the
exposed person [50].
The most dangerous forms of mercury are methylmercury (from fish or shellfish
contaminated by mercury) and vaporized metallic mercury. While metallic mercury can
be absorbed through the skin and digestive track if swallowed (low comparative health risk
[51]), methylmercury and vaporized mercury are more easily absorbed in the digestive
track or lungs making them more dangerous as they reach the brain at higher levels. High
levels of exposure from mercury can cause permanent damage to the brain, kidneys, and
to a developing fetus. Short-term exposure to high levels of mercury vapors can cause lung
damage, nausea, vomiting, diarrhea, increases in blood pressure or heart rate, skin rash,
and eye irritation [52].
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One of the more dangerous uses of mercury is that of small-scall, clandestine gold
mining as previously detailed. Because the mercury-gold amalgam is heated to vaporize
and separate the mercury from the gold, a cloud of toxic mercury vapor is formed and many
times trapped where the workers are performing the mining operations. Often this mining
operation is next to the home containing children or even sometimes worked by pregnant
women. Because of the day-to-day, constant, high level exposure to the mercury vapor,
many of the children and fetuses develop defects as shown in Figure 9 [53].

Figure 9: Deformities due to mercury poisoning of pregnant women—(Left) Missing fingers and toes,
(Right) 9 year old with limited cognitive ability suffering from hydrocephalus since 3 months old [53].

Due to the severity and real health risk of mercury poisoning, especially in the
young, it can be understandable why governments around the world have signed the
Minamata Convention on Mercury, which has the purpose of reducing global mercury
pollution [54]. Furthermore, to help improve and ensure the health and safety of the general
population, the US government has put in place many additional regulations and
restrictions on mercury use. With these restrictions and the real health hazard of mercury,
it can understandable why a non-toxic liquid metal would be desired as a replacement.
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2.3. Gallium
Gallium is not a liquid metal such as mercury, at room temperature, but it’s melting
point is low enough (29.76 °C [85.58 °F]) that it can melt in a human’s hand and refreeze
when removed [55]. When mixed with other metals, the melting point of specific gallium
alloys can reach as low as -19 °C (-2 °F) [56], [57]. Discovered in 1875, it has mostly been
used in electronics especially in semiconductor applications as gallium arsenide (GaAs) or
gallium nitride (GaN). However, more recently, because of its non-toxicity, gallium liquid
metal alloys have been used as a replacement metal for several mercury applications, one
such being the thermometer [58].
2.3.1. Semiconductors
Gallium, as GaAs and GaN, is used in semiconductors in electronics for specific
devices such as transistors for digital logic or power amplifiers, as solar cells, LEDs, and
even in nanoscale electronics. Some of the more common types of GaAs transistors for
digital logic gates are the metal-semiconductor field-effect transistor (MESFET), the highelectron-mobility transistor (HEMT), the junction field-effect transistor (JFET), and the
heterojunction bipolar transistor (HBT) [59]. GaAs based logic circuits offer the advantage
over silicon in that they can function at frequencies in excess of 250 GHz [60]; however,
they tend to be much more expensive than silicon (Si) based logic circuits. Gallium has
also seen use as power amplifiers, specifically using GaN technology. Due to its high
electron saturation velocity, breakdown voltage, and operation temperature, GaN provides
the highest frequency-power performance among common semiconductors and provides
promise for THz applications [61]. These benefits make it ideal for use in microwave RF
power amplifiers as potential replacement for magnetrons in microwave ovens or radars,
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and also for applications requiring high power transmitters. Both GaAs and GaN have
been used to produce LEDs and laser LEDs ranging from near-infrared to ultraviolet. GaN
research actually led to the development and commercialization of high-performance blue
LEDs and long-lasting violet laser diodes which are used to read Blu-ray discs [62], hence
spurring the name blue-ray from the blue (actually violet) laser. GaAs is also used in solar
cell production due to its highly increased efficiency over that of Si based solar cells. GaN
also shows increasing potential in solar cells due to its low sensitivity to ionizing radiation
common in space environments [63].
2.3.2. Gallium Based Liquid Metals
Since gallium’s discovery in 1875, it has been used as an alloy in experiments
requiring liquid metals with low melting points. However, it wasn’t until the late 20th
century when the gallium alloy (Galinstan®) was marketed and sold for use in
thermometers. While many different alloys of gallium have been explored to lower its
melting point, probably the most common gallium liquid metal alloys are EGaIn and
Galinstan®.
2.3.2.1. EGaIn
EGaIn is the eutectic mixture of gallium and indium, where eutectic is defined as
the required mixture of the metals that leads to the lowest melting point—which melting
point is also lower than that of the individual metals. The eutectic composition is
approximately 75% gallium and 25% indium, by weight, and produces a melting point at
15.7 °C (60.3 °F) [13]. The silver colored liquid metal also has a conductivity of 3.4 x 106
S/m and has a low toxicity [64]. The high conductivity, low melting point, and low toxicity
make this liquid metal a good choice for a replacement to mercury.
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2.3.2.2. Galinstan®
Galinstan® (a registered and trademarked name by Geratherm Medical AG) is a
mixture of at least three different metals being gallium (Ga), indium (In), and tin (Sn) and
derives its name by the combination of those element names—gallium, indium, and
stannum (Latin for tin). When the German company Geratherm Medical AG produced the
proprietary mixture of these metals (and possibly traces of others) with a very low melting
point at -19 °C (-2 °F) [56], [57], they trademarked the name Galinstan® and marketed the
product for use in thermometers. The name Galinstan® has since become a common name
for any eutectic mixture containing gallium, indium, and tin, even though these common
mixtures have never reached the same melting point. Many of the common “galinstan"
alloys have compositions of 68.5% Ga, 21.5% In, and 10% Sn, or close to that, with melting
points at or above 11 °C (52 °F) [65], [66], which is significantly higher than Geratherm’s
Galinstan®. Unfortunately, some vendors, with or without a knowledge of the difference,
falsely claim Galinstan® properties (especially the melting point) while selling the common
galinstan [67], [68]. Other properties of generic galinstan at 20 °C include an electrical
conductivity of 3.46 x 106 S/m, a density of 6440 kg/m3, and a surface tension of 0.718
N/m [69]. A property comparison of gallium, EGaIn, Galinstan®, and generic galinstan,
with mercury included, is listed in Table 2.
Probably the most important properties of galinstan metals (generic or
trademarked) are the negligible vapor pressure, the high boiling point (> 1300 °C [2372
°F]), and the low toxicity [13], [57], [58].

This implies that galinstan (generic or

trademarked) and other similar gallium alloys have extremely low likelihoods of
evaporating or vaporizing and being absorbed by the lungs [57], unless specifically heated
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to extremely high temperatures. Additionally, gallium has been used in medicine as a
radioactive agent to help with the location of specific cancerous tumors during imaging
scans [13], [70]. While metallic gallium is considered non-toxic [55], [57], [58], exposure
to gallium halides such as through large doses of soluble gallium salts can result acute
toxicity, especially in the kidneys [55], [71]. GaAs dust inhalation (possible during
semiconductor production) has posed another area of concern, especially as an irritant to
the lungs. However, proper precautions in gallium semiconductor production have not
been shown insufficient in preventing any potential health risks due to gallium.

Table 2: Properties of liquid metals.
Property

Mercury

Gallium

EGaIn
(Ga 75%, In
25%)

Galinstan®

Color
Odor
Toxicity
Boiling
point
Melting
point

Silver [44]
Odorless [40]
High
356.73 °C [39],
[44]
-38.83 °C [39],
[44]

Silver [72]
Odorless
Low
2204 °C [39]

Silver
Odorless
Low
Estimated similar
to Galinstan®
~15.5 °C [7], [64]

Silver [58]
Odorless [58]
Low
> 1300 °C [58]

Vapor
pressure

0.1729 Pa
@ 20 °C [39]

Essentially no
vapor pressure
[13]

< 10-8 torr @ 500 °C
(1.3332 x 10-6 Pa)
[57], [58]

Essentially no
vapor pressure
[13]

Density

13.534 g/cm3 [44]

6.2275 g/cm3 [74]

6.44 g/cm3 [58]

Solubility
Viscosity

Insoluble [40]
1.526 x 10-3 Pa·s
@ 25 °C [45]

Insoluble
1.99 x 10-3 Pa·s
[74]

Insoluble [58]
2.4 x 10-3 Pa·s [57]

Thermal
conductivity

8.541 W/(m·K)
[45]
8.3 W/(m·K) [44]

5.904 g/cm3
[72]
Insoluble
1.921 x 10-3
Pa·s @ 50 °C
[39]
29 W/(m·K)
[72]

26.43 W/(m·K)
[75]

16.5 W/(m·K) [57]

6.44 g/cm3
[66], [69]
Insoluble
~2.25 x 10-3
Pa·S @ 25 °C
[75]
~25.41
W/(m·K) [75]

Electrical
conductivity

1.04 x 106 S/m
[44]

7.1 x 106 S/m
[72]

3.46 x 106 S/m
[7]
3.4 x 106 S/m [3]

2.299 x 106 S/m [57]
3.83 ± 0.16 x 106 S/m
@ 3-20 GHz [76]

3.46 x 106 S/m
[69]

Surface
tension

> 0.4 N/m [13]

> 0.5 N/m
[13]

> 0.5 N/m [13]
~0.624 N/m [64]
~0.435 N/m
w/ HCl [64]

> 0.5 N/m [13]
534 ± 10.7 mN/m
[45]

0.718 N/m
@ 20 °C [69]

29.76 °C [39],
[55], [72],
[73]
Essentially no
vapor pressure
[13]

25

-19 °C [56]-[58]

Generic
galinstan
(Ga 68.5%,
In 21.5%,
Sn 10%)
Silver
Odorless
Low
Similar to
Galinstan®
11 °C [65],
[66]

2.3.2.3. Surface Oxidation
One of the effects of Galinstan® and other gallium alloys is that it readily forms an
oxide skin when exposed to air (see Figure 10). While the skin can be as thin as 0.7 nm
[77], it is sufficient to cause issues for certain uses. One of the main challenges, is that the
oxide layer makes the liquid metal difficult to use for fluidic applications [78], especially
on the micro scale. This is because the oxide layer increases the surface tension [64] and
viscosity, thus decreasing the fluid flow [10]. Additional challenges are that the oxidation
increases the electrical resistance [10], and that it is the main factor that causes the liquid
metal to wet surfaces it contacts [13]. This wetting characteristic, much like wet paint, can
make it difficult to use the liquid metal in applications that require the conductive surface
or volume to move/remove from a position, particularly due to the oxide skin’s effect to
stay behind.

Figure 10: Looking into a bottle of agitated generic galinstan with an oxide surface.

In order to prevent the oxide surface from forming on Galinstan® it was observed
that the oxygen level had to be less than 1 ppm—allowing it to behave like a true liquid
[45]. While it is possible to work in a vacuum with the liquid metal or under pressured
nitrogen, this can become a nuisance in the lab environment. An alternative method
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involves removing the surface oxide with hydrochloric acid (HCl). A drop of 10 wt% of
HCl removes the skin by dissolving the oxide [64]. Another way to induce fluid flow is to
break the surface tension by applying a stress. For the liquid metal EGaIn, a stress greater
than 0.5 N/m [64] is sufficient to induce fluid flow—a similar value is assumed for other
gallium alloys. Also, as detailed in [1], the surface oxide can also be removed using an
electrical bias on the liquid metal. However, this involves the use of an electrolyte solution
(which includes additional considerations) to complete the electrical circuit
Although the oxide skin can pose challenges for the specified reasons, it can also
be used advantageously. Because the oxide layer forms a rigid outer shell on the liquid
metal, it mechanically stabilizes gallium in stable, nonequilibrium shapes [13], [64]. This
allows the liquid metal to be used in a variety of shapes, one shown in Figure 11 [13]. Also,
since the oxide layer will hold the liquid metal shape with an applied stress under the
critical value (~0.5 N/m [64]), but allow it to flow readily when above that value, it can be
used in a variety of different patterning and printing techniques [13], such as screen/stencil
printing [79], contact printing [80], spray painting [81], and even 3D printing [82].

Figure 11: Gallium oxide enabling odd shapes on liquid metal [13].

Another way that the surface oxide becomes an advantage is in the use of selfhealing wires. In [83], the liquid metal serves as the conductor surrounded by a self-healing
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polymer. When the wire is cut, because the surface oxide forms almost instantaneously,
the liquid metal is contained in the polymer, but when the wire is pressed back together,
the oxide does not interfere as the liquid metal reconnects. This heals the electrical path as
the polymer also self-heals via hydrogen bonding [84]. In this case, without the surface
oxide for this wire, once cut, the liquid metal would leak out and the connection would be
permanently lost.
As mentioned previously and as discussed in the literature review, the surface oxide
can be removed with an electrical bias. By adjusting the electrical potential to increase or
decrease the surface oxide, Wang et al. in [1] use the surface oxide to control the interfacial
tension on the liquid metal. The amount of interfacial tension, in turn, induces the liquid
metal to flow in or out of the capillary and change the height of the antenna, therefore,
tuning the operating frequency. Without the surface oxide layer for this case, the control
of the liquid metal in or out of the capillary would not be achieved, and the antenna would
not be reconfigurable.
While the surface oxide provides certain disadvantages, it can also be used as an
advantage for specific applications. It therefore becomes the responsibility of the designer
to use his/her creativity to fully take advantage of the surface oxide, or to mitigate its
challenges.
2.3.2.4. Corrosion
Another challenge of gallium based liquid metals is the corrosive nature of the
metal due to its tendency to form an alloy with most metals. Because of this, any metal
used as an electrical contact to a gallium based liquid metal must be selected carefully. In
[10], as stated in the literature review, the reaction of common galinstan with several
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conducting materials was tested. This was done by placing liquid metal droplets and lines
onto sputtered substrates of the various metals or conductive surfaces, allowing it to react
for 3 days, and then removing the liquid metal to visually inspect it. The results are shown
in Table 3. These results agree with those of others [85], [86].

Table 3: Results of corrosion testing.

Conductive Surface/Metal
Aluminum (Al)
Gold (Au)
PEDOT
Copper (Cu)
Platinum (Pt)
Titanium (Ti)
Electroplated nickel (Ni)

Corrosion/Damage
Severe
Severe
Severe
Minor
Least
Least
No signs of corrosion

Because gallium rapidly corrodes and breaks down aluminum, it should not be used
where any sort of structural integrity is needed. Also, while copper and platinum do show
some signs of corrosion, the corrosion rates for these metals are low especially when at
temperatures lower than 100 °C [85]. Not shown above is tin. Tin and lead are the main
metals in solder. However, tin is also easily corroded and dissolved in gallium liquid
metals [86]. Therefore, it becomes important to not allow gallium based liquid metals near
electronics containing solder as it may corrode the solder points and cause electrical contact
issues.
As a simple test of the corrosiveness of the liquid metal on a solder connection, a
copper wire and a tin-plated copped wire both had a ball of solder soldered to them. The
wires were then covered with liquid metal for several hours. After the several hours an
attempt was made to remove the solder ball from the wire with tweezers. For both wires,
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the solder ball easily slid off the wire demonstrating the high corrosiveness of the liquid
metal to the solder joint.
As an additional experiment of the corrosiveness of the generic galinstan liquid
metal on copper, it was tested on two small pieces of copper.

However, due to

environmental exposure over a period of several years, both pieces of copper had lost their
shine, oxidized, tarnished, and turned to a brownish color. To determine if the copper oxide
had any effect on the corrosiveness of the liquid metal to the copper, one of the pieces of
copper was cleaned and polished while the other was left alone. Both then had liquid metal
placed on about 30% of their surface areas and were permitted to react for a period of about
one week. At the end of the week, the pieces of copper were cleaned of the liquid metal
and visually inspected. The piece of copper that was tarnished and not polished showed
no obvious visual signs of corrosion from the liquid metal, while the piece of copper that
had been polished showed significant corrosion from the liquid metal even to the point of
exposing or easily separating from its underlying metals. This simple experiment points
to the direction that while liquid metal is corrosive to copper, its affect is lessened due to
the copper oxide that forms on the copper surface.
Although gallium based liquid metals do corrode and alloy with most metals, it is
still a liquid metal that can be worked with. Because of this, care should be taken when
selecting the metal for electrodes to connect the liquid metal to an outside circuit. Good
choices for this are nickel-plated wires, platinum, or titanium, with oxidized copper also
being an acceptable choice, while aluminum should always be avoided.
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CHAPTER 3: EcoflexTM Stretchable Polymer
3.1. Stretchable Polymers
Various types of stretchable polymers are available on the market. However, two
of the more common types found during the literature review are PDMS
(polydimethylsiloxane) and EcoflexTM. Due to the high elongation at break of EcoflexTM
00-30 (900% [87]) over PDMS (160% [11]), EcoflexTM 00-30 was used as the stretchable
polymer for this research. While certain advantages may be obtained by using a stiffer
material, particularly when connecting to RF connectors as in [11], utilizing both polymers
was not done in this work. As a result, the rest of this chapter will focus on EcoflexTM.
3.2. EcoflexTM Properties
EcoflexTM is a product of Smooth-On, Inc which produces a wide variety of rubber
materials, epoxies, and resins. EcoflexTM is one of their rubber product lines based on
platinum-catalyzed silicone. It’s easy to use, paintable, and skin safe which makes ideal
for use with prosthetics and makeup. EcoflexTM comes in a variety of hardnesses, but for
this research EcoflexTM 00-30 was used. As a result, when EcoflexTM is referred to in this
work, it may be assumed that it is referring to the 00-30 hardness of EcoflexTM.
With concern to this research there are mainly three different properties of
EcoflexTM which affect the work. These properties are the Young’s Modulus, the Poisson
ratio, and the electrical permittivity. Smooth-On provides a technical datasheet [87] which
gives the cure time, elongation at break, 100% modulus, and other properties; however, it
does not provide the Young’s Modulus, Poisson ratio, or the electrical permittivity.
Therefore, it became necessary to determine these values for this research.
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3.2.1. Young’s Modulus of EcoflexTM
Young’s Modulus is defined as the ratio of the stress applied to a material over the
resulting strain from that stress, where the stress is defined as the force per unit area. This
property is important to this research because it helps define the elongation of any
EcoflexTM liquid metal container with a stress is applied such as a stretching force.
Furthermore, when performing simulations of the EcoflexTM models in Comsol
Multiphysics, it was a required material parameter. (Comsol Multiphysics is used later to
model the shape change of the EcoflexTM liquid metal containers.)
As stated previously, Young’s Modulus is not defined by Smooth-On. This is likely
due to Young’s Modulus only being valid for a linear response, for which EcoflexTM does
not have. While most metals are considered linear materials with linear responses, rubber
materials are non-linear and can only be considered linear if the stress is sufficiently small
such that the stress-strain curve provides an approximately linear response. As stated, this
is mostly likely why Smooth-On does not provide a value for Young’s Modulus; however,
this does not stop others from estimating the value of Young’s Modulus for EcoflexTM. A
few values found in literature for the Young’s Modulus of EcoflexTM 00-30 are 40 kPa
[88], 125 kPa [14], and 27.04 kPa [89]. But Smooth-On does provide a more accurate
characterizing value, specifically the 100% modulus. This is defined as the stress over
strain where the stress is such that a 100% strain is obtained. For EcoflexTM 00-30, this is
provided as 10 psi [87] which equates to roughly 69 kPa.
With all of these differing values, a value for Young’s Modulus would still be
required for Comsol simulations. 125 kPa was chosen to be used as the initial value with
the foresight to modify this to 69 kPa for result comparisons as needed. However, later it
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was realized (and confirmed with simulation results) that the value of the Young’s Modulus
does not affect the simulation results. This is because the model in Comsol was not created
to be stretched by a specific force (in which the value of the force and Young’s Modulus
would determine the stretched length) but the model was created to be stretched to specific
predetermined lengths. As a result, this made the model results independent of EcoflexTM’s
value for Young’s Modulus, meaning an EcoflexTM container of Young’s Modulus 125
kPa provided the same results as one with a Young’s Modulus of 69 kPa.
In addition to the information obtained above, attempts were also made to derive
the value of Young’s Modulus by plotting the stress vs. strain curve for various samples.
This

was

done

by

creating

several

EcoflexTM samples (hourglass shaped and
cylindrical shaped) and stretching them on a
tensile machine while recording the stress
and strain. Figure 12 shows a cylindricalshaped sample and two 3D printed molds for
creating hourglass-shaped samples. Figure Figure 12: (Top) A solid cylindrical shaped sample
of EcoflexTM, (Bottom) Two 3D printed molds for
TM
13 shows the hourglass-shaped samples creating hourglass shaped samples of Ecoflex .

being stretched on a tensile machine and the photo on the right also demonstrates a stretch
of over 400% on the roughly 4.5 inch hourglass-shaped sample. Lastly, Figure 14 shows
a plot of the various EcoflexTM samples with a 2nd order polynomial equation fit to the data.
By looking at the plot, it is clear that EcoflexTM does not provide an exact linear elastic
response. Also, by plugging in 1 (representing 100% strain) into the polynomial equation,
a value of 31.25 kPa is returned which indicates a 100% modulus of 31.25 kPa or 4.53 psi.
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The difference in this value and the value provided by Smooth-On could be due to a
difference in the curing process for in-house samples vs. lab samples. While the difference
suggests a need for further investigation and potential correspondence with Smooth-On,
the Young’s Modulus value was still inconsequential to the Comsol simulation results.

Figure 13: EcoflexTM samples—(Left) Stretched in tensile machine, (Right) Showing over 400% stretch.

Figure 14: Stress vs. strain curve for various EcoflexTM samples. The stress over the strain represents the
instantaneous Young’s Modulus at that point only.
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3.2.2. Poisson Ratio of EcoflexTM
Poisson ratio is defined as the ratio of the negative of the lateral strain (transverse)
over the longitudinal (axial) strain, where the strain is defined as the change in length over
the original length. This is important for this research because it is the proportionality
constant that would describe how much a tube of EcoflexTM would shrink in diameter when
stretched in length a specific amount. Additionally, this parameter would also be required
in Comsol simulations for stretching.
The Poisson ratio is also not provided by Smooth-On which is also likely due to
EcoflexTM not being a linear material with a linear stretch response. However, in this case,
literature does provide relatively consistent values for the Poisson ratio of rubber materials
such as the silicone rubber of EcoflexTM. These values vary between 0.47 and 0.4999 [90][94]. While ultimately the value of 0.49 was used in the Comsol models, attempts were
also made to derive the value of the Poisson ratio.
Deriving the value of Poisson ratio for EcoflexTM involved stretching the hourglassshaped and cylindrical-shaped samples and measuring the width or diameter as they
decreased with their increasing length. This data was also plotted and a 4th degree
polynomial equation was fit to the data as shown in Figure 15. By looking at the plot, it
can be seen that at a 100% longitudinal strain, that the data indicates a Poisson ratio value
varying from about 0.3 to 0.42, and the form fit 4th order polynomial equation returns a
value of 0.33. Once again, this differs from the expected value, which in this case is 0.47
to 0.4999. One factor that could be affecting the values is the difficulty to measure the
width or diameter of an elastic-like material due to the slightest bit of pressure distorting
the shape. Additionally, the curing process may have an effect on the Poisson ratio.
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However, as stated previously, the value for Poisson ratio used in the simulations for this
research was 0.49, but additional investigation could also return to this to determine what
may be causing the difference between the measured and expected values.

Figure 15: Longitudinal strain vs. lateral strain curve for various EcoflexTM samples. The lateral strain
over the longitudinal strain represents the instantaneous Poisson ratio at that point only.

3.2.3. Electrical Permittivity of EcoflexTM
The last property of EcoflexTM that was needed for this research, in particular for
the CST Microwave Studio simulations, was the value of its electrical permittivity. A
quick literature search turned up the value of 2.8 [95] and this was the value initially
utilized for the CST simulations. However, in attempts to verify this value, permittivity
measurements were completed using a network analyzer and the Keysight N1501A
Dielectric Probe Kit.
The measurements were completed with a large cylindrical EcoflexTM sample that
surrounded the probe. Due to the difficulty to obtain identical results, the measurements
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were completed three times with roughly the average taken as the value of the permittivity.
Shown in Figure 16 on the left is a photo showing the setup and the EcoflexTM sample on
the probe, and on the right are the three different measurements. As a result of these
measurements, it was determined that a value of 3.1 would more accurately represent the
permittivity of EcoflexTM and the final CST simulations used this value rather than the
initial value of 2.8 as found from literature.

Figure 16: EcoflexTM 00-30 permittivity—(Left) Measuring the permittivity, (Right) Permittivity results.
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CHAPTER 4: Stretchable Liquid Metal Monopole Antenna
4.1. Monopole Antenna
In order to initiate the research to produce a stretchable liquid metal antenna array,
it was necessary to start by designing, simulating, constructing, and testing a simple
monopole stretchable liquid metal antenna. By doing this, any initial concerns could be
discovered and resolved or mitigated prior to moving on to the antenna array. This greatly
helps to simplify the process for constructing and testing the array, especially since
designing and constructing an array comes with its own set of unique challenges.
4.2. Monopole Design
The antenna was designed from a simple ¼ wavelength monopole design with a
circular ground plane. Because the impedance of a ¼ wavelength typically varies around
36.5 + j21.25 Ω [96], [97], the diameter of the ground plane was adjusted to better match
the impedance to 50 Ω. Additionally, as a starting point, the resonance at the center of the
tunable bandwidth was desired to be at 2.4 GHz. Using the resonant frequency at 2.4 GHz,
the length of the monopole was roughly calculated as shown below.
𝑐
3 𝑥 108
𝜆= =
= 0. 125 𝑚
𝑓
2.4 𝑥 109
𝐿𝑒𝑛𝑔𝑡ℎ𝜆⁄

4 𝑀𝑜𝑛𝑜𝑝𝑜𝑙𝑒

=

𝜆
= 0.03125 𝑚 = 31.25 𝑚𝑚
4

(2)

(3)

Using a radiator length of 31 mm, next was to complete the initial design by
determining the other required parameters. With the understanding that the diameter of the
ground plane would need to be adjusted for a good impedance match, the value of 40 mm
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was used as a starting point for the ground plane diameter. The diameter of the liquid metal
radiator was taken as 5 mm in order to ease the dispensing of the liquid metal into the
EcoflexTM tube. The initial length of the EcoflexTM tube was taken at 60 mm. It was
specifically created longer than the radiator length in order to provide extra EcoflexTM
tubing at the top of the antenna for a clamping a device to facilitate mechanical stretching.
The diameter of the EcoflexTM tube was set at 10 mm with a 2.5 mm thick EcoflexTM wall
surrounding the 5 mm diameter liquid metal radiator. Also, a gap of 2 mm was determined
to be a sufficient distance between the ground plane and the liquid metal radiator. This
would allow 2 mm of extra EcoflexTM to serve as a cap and also to insulate the liquid metal
from the ground plane thus preventing the antenna from shorting. Lastly, a hole of diameter
2 mm was put in the ground plane in order to permit the center pin of the SMA connecter
to travel through to make contact with the liquid metal.
With the antenna parameters defined and the electrical characteristics of EcoflexTM
00-30 and generic galinstan previously obtained, the design (as detailed in Table 4) was
ready to be created and simulated in CST.

Table 4: Initial monopole parameters.

Liquid metal radiator length
Liquid metal radiator diameter
EcoflexTM tube length
EcoflexTM tube diameter
Gap between ground plane and liquid metal radiator
Ground plane diameter
Ground plane thickness
Ground plane hole diameter
Liquid metal conductivity [68]
EcoflexTM 00-30 permittivity [95] (initial value)
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31 mm
5 mm
60 mm
10 mm
2 mm
40 mm
0.55 mm
2 mm
3.46 x 106 S/m
2.8

4.3. Simulations
In order to simulate the electrical responses of the antenna design, two different
software programs were used. First, CST Microwave Studio was used to generate quick
initial simulation results. Next, Comsol Multiphysics was then used to model the physical
behavior of the antenna as it stretched. Lastly, the results of the Comsol model were
incorporated into the CST model to increase the accuracy of the model and results.
4.3.1. CST Simulations
The CST model was constructed utilizing the values in Table 4; however, a quick
change of the ground plane diameter from 40 mm to 31 mm was sufficient to provide an
excellent impedance match with S11 = -67.81 dB at 2.4 GHz, as shown in Figure 17.

Figure 17: Initial CST Design--(Left) CST model, (Right) Impedance match showing S11 results.

At this point, it’s important to point out that the model in CST was designed such
that the parameter values could be easily modified in order to change the antenna design.
For example, the length of the EcoflexTM tube was given the parameter name EF_length.
The EcoflexTM tube could then theoretically be “stretched” by running a parametric sweep
with EF_length changing from 60 mm to 90 mm. By creating the model with such
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parameter names, this allowed the necessary flexibility as several different dimensions of
the antenna would be required to be changed as a result of the simulated stretch.
To facilitate all the parameters that would need to be changed as a result of
stretching, the parameter named delta was created. The value of this parameter represented
the amount that the EcoflexTM tube, or the overall antenna length, would be stretched.
Therefore, when stretching, all parameters that needed to change were simply defined in
terms of delta. For example, the length of the EcoflexTM tube, specifically EF_length, was
defined as EF_length = EF_L0 + delta, where EF_L0 represented the initial EF length, or
the length when it was not stretched.
As mentioned, several parameters needed to be defined in terms of delta. When an
elastic is stretched, not only does it lengthen, but the cross-sectional length (or width) will
also decrease. Thus, not only the overall length of the EcoflexTM tube and the length of the
liquid metal radiator needed to be defined in terms of delta but also the diameter of the
EcoflexTM tube and the diameter of the liquid metal cavity. In order to determine and
define these relationships, Comsol Multiphysics was utilized.
4.3.2. Comsol Multiphysics Simulations
Comsol Multiphysics was used as the software package to model the decrease of
the antenna’s diameter as it was stretched. To model the dimensional changes, Comsol
required the Poisson ratio and the Young’s Modulus of the EcoflexTM material—which
were specified in section 3.2.
Once the required EcoflexTM material parameters were defined in the model, the
other antenna dimensions were also set and the model completed. However, one change
to the antenna dimensions was that the initial length of the liquid metal radiator was
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decreased from 31 mm to 20 mm. This was done with the goal of reaching a resonance of
2.4 GHz with a partially stretched antenna rather than without it being stretched, as would
happen if the initial length stayed at 31 mm. With the model complete and delta used as
the stretching parameter, the simulations were ran with a stretch from 0 to 62 mm as shown
in Figure 18. In the figure on the left, the black lines outline the original dimensions of the
antenna, thus making the decrease in the antenna diameter more readily apparent.
Additionally, from the simulation, plots were created showing the change in the liquid
metal radius and the height as a function of the change in delta. Lastly, the change in the
liquid metal radius was plotted at the not just the middle of the liquid metal radiator but
also the top and bottom.

Figure 18: Comsol antenna simulations—(Left) Antenna’s diameter shrinks as it is stretched,
(Right) Plots of the antenna’s height and radius vs delta.
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From the simulations, equations (4) and (5) were extrapolated to define the liquid
metal radius and height in terms of delta. The equations were then inserted into the CST
model to define the same parameters in terms of delta. This allowed the CST model to
also simulate an antenna stretching by simply running a parametric sweep of delta from 0
to 60 mm.
𝑟𝑎𝑑𝑖𝑢𝑠 = −0.024(𝑑𝑒𝑙𝑡𝑎) + 2.5

(4)

ℎ𝑒𝑖𝑔ℎ𝑡 = 0.4333(𝑑𝑒𝑙𝑡𝑎) + 20

(5)

4.3.3. Combined Simulations
After defining the liquid metal radius and height as a function of delta in CST,
simulations were rerun and results obtained. It was then realized that several of the initial
parameters were incorrect. The ground plane hole diameter was to be 2 mm but had been
set at a radius of 2 mm in the simulations. A different piece of metal was used for the
ground plane and thus the thickness was now only 0.37 mm.

Also, at this point,

measurements of the permittivity of EcoflexTM were taken to verify the initial value used
(2.8) and as shown in section 3.2.3. , the permittivity was found to be closer to 3.1. And
lastly, the parameter for the diameter of the EcoflexTM tube was modified to also be a
function of delta as was previously done for the liquid metal diameter. Because the initial
diameter of the EcoflexTM tube was twice that of the liquid metal, setting the diameter of
the EcoflexTM tube as a function of delta was accomplished simply by setting it as twice
the diameter of the liquid metal radiator. Once this was done, not only did the diameter of
the liquid metal radiator shrink when the antenna was stretched but also did the diameter
of the EcoflexTM tube.
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Using the corrected monopole values as shown in Table 5, the CST simulation was
run once again while sweeping delta from 0 to 60 mm. The simulation results looked good
and therefore the next step was to build a prototype antenna to determine if the measured
results would agree with the simulation results, if any model parameters would need to be
further tweaked, and to decipher the discrepancies between the results.

Table 5: Corrected monopole parameters.

Delta
Liquid metal radiator length
Liquid metal radiator radius
EcoflexTM tube length
EcoflexTM tube radius
Gap between ground plane and liquid metal radiator
Ground plane radius
Ground plane thickness
Ground plane hole radius
Liquid metal conductivity [Rotometals.com]
EcoflexTM 00-30 permittivity (final value)

0 to 60 [mm]
0.4333×delta + 20 [mm]
-0.024×delta + 2.5 [mm]
62 + delta [mm]
2×LMradius [mm]
2 [mm]
15 [mm]
0.37 [mm]
1 [mm]
3.46 x 106 [S/m]
3.1

4.4. Construction
The construction consisted of several steps including creating a mold for the
EcoflexTM tube, creating the EcoflexTM tube itself, dispensing the liquid metal into the tube,
sealing off the tube, using a computer numerical control (CNC) machine to cut a ground
plane, soldering an SMA connector to the ground plane, piercing the bottom of the
EcoflexTM antenna without causing the liquid metal to leak, inserting the center pin of the
SMA connector through the EcoflexTM tube and into the liquid metal to establish electrical
connectivity, and gluing the EcoflexTM tube to the ground plane to permit stretching.
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4.4.1. EcoflexTM Mold
To construct a mold for making a partially hollow EcoflexTM tube, an FDM (fused
deposition modeling) 3D printer (Prusa i3 MK3S) was utilized. Due to the ease of use and
the ability to create parts with fine details, PLA (polylactic acid) was used as the filament
for the molds. Fusion 360 was the 3D CAD (computer-aided design) program used to
create the models for printing, with PrusaSlicer being used as the slicer for generating the
g-code files for the printer.
Through the process of creating the antennas, several different versions of the
molds were designed. The initial design consisted of two halves of a cylinder with a bottom
cap containing the center rod. When the two halves of the cylinder were put together and
slid into the cap, it would form the necessary cylinder with the center rod extruding from
the bottom upward. Additionally, a separate print to serve as the antenna plug was created.
It was constructed such that a protruding part of the EcoflexTM cap would insert into the
center cavity of the EcoflexTM tube (once filled with liquid metal) to seal it off.
Figure 19 (Left) shows the initial mold design with two cylinder halves, the ends,
and the plug for the filled antenna. While this design made it relatively easy to remove the
EcoflexTM tube once cured (simply by sliding the caps off and separating the two halves),
it did not function well for two reasons. First, EcoflexTM would leak out the sides of the
cylinder when curing and second, when attaching the plug to the filled antenna (with
additional uncured EcoflexTM), it would not adhere sufficiently to the EcoflexTM tube in
order to withstand the repetitive stretching of the antenna. This would cause it to begin to
separate and allow liquid metal to leak out, as shown in Figure 19 (Right). These issues
led to improvements in the design.
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Figure 19: Mold Design—(Left) Initial design, (Right) Separated/leaky plug.

The final version of the mold consisted of the same two cylinder halves but with
the exterior diameter slightly tapered smaller towards the top. On the bottom of the
cylinder halves, a threaded exterior was created to screw into a threaded bottom cap—the
cap containing the extended center rod. Additionally, a ring was created to slide over the
top of the cylinder. Due to the slight taper in the exterior of the cylinder, the ring, as it was
pushed downward, would compress the two halves of the cylinder together ensuring that
no EcoflexTM would leak while curing. The final mold design is shown in Figure 20 (Left).
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Figure 20: 3D Prints—(Left) Final mold design, (Right) Stretchable test fixture.

Not only was the 3D printer used to create the mold for the EcoflexTM tube but it
was also used to create the test fixture for stretching the antenna. As seen in Figure 20
(Right), the test fixture consisted of a threaded rod that when twisted would lengthen or
shorten the stretch on the antenna. This allowed the antenna to be stretched and held in
place while measuring its electrical characteristics or even continuously stretched while
measuring the impedance match over the entire band.
4.4.2. EcoflexTM Tube
Creating the EcoflexTM tube from Smooth-On’s EcoflexTM 00-30 was rather
straight forward. EcoflexTM comes in two-part liquid rubber mixture, part A and part B.
To create the tube, the EcoflexTM liquid rubbers were mixed in an equal 1A:1B ratio by
weight. Once initially mixed, the two-part rubber reacts and releases air bubbles. To
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prevent trapped air bubbles in the mixed liquid rubber, the container was placed in a
vacuum for approximately 5 minutes. At this point, the mixed EcoflexTM rubber was
carefully dispensed using a barrel pipette into the 3D printed mold. Once filled, it was
once again placed into the vacuum for another 5 minutes to remove any air that may have
been trapped while dispensing the material. At this point, it was removed from the vacuum
and allowed to cure for the required four hours.
4.4.3. Liquid Metal
Once the EcoflexTM tube was cured, it was removed from the mold and inspected
for defects. Then the liquid metal galinstan (generic version) was carefully dispensed into
the cavity with another barrel pipette. Because of the specific manner in which the final
mold was created, there was a designated fill line for the liquid metal. By only filling the
tube to this line, there was still space for additional EcoflexTM to seal it off. However,
before sealing it, it was once again placed into the vacuum to remove any trapped air. At
this point, some additional EcoflexTM rubber was mixed, vacuumed, dispensed into the end
of the tube (to seal off the liquid metal), and allowed to cure for the required four hours.
Because the liquid metal is more dense than the EcoflexTM, there was no concern that the
EcoflexTM would mix into the liquid metal prior to curing.
4.4.4. Ground Plane and SMA Connector
A simple ground plane was created by milling out a round piece of copper metal
(thickness 0.37 mm) to the desired radius on a CNC machine. A hole in the center of the
round disk was also drilled out to provide clearance for the center pin of the SMA connector
to feed through and make electrical connectivity with the liquid metal. Once this was done,
the SMA connector was soldered to the ground plane. Careful attention was made to ensure
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the center pin was centered in the hole, and the electrical connectivity was checked to
ensure that it was not shorted to the ground plane. Figure 21 shows a few cut-out ground
planes with one of them complete with the SMA connector soldered to it.

Figure 21: Cut-out ground planes and soldered SMA connector

4.4.5. Connecting the Ground Plane to the EcoflexTM Tube
Probably one of the areas more focused on in the literature is the connection point
of the stretchable material (i.e. EcoflexTM) to the rigid material (i.e. ground plane, cable
connector, etc.). For this work, this was simply accomplished by using superglue (CA—
cyanoacrylate). While an epoxy may provide a better or stronger adhesive, the superglue
held the EcoflexTM to the ground plane for liquid metal stretches in excess of 270%. This
sufficed for my testing where stretching would typically not exceed 100-150%.
Prior to gluing the EcoflexTM tube to the ground plane, an electrical connection had
to be established between the liquid metal and the center pin of the SMA connector. To
do this, a thumb tac was used to poke an initial hole in the EcoflexTM tube. Once done, the
center pin of the SMA connector was pushed half-way into the EcoflexTM tube. From there,
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superglue was applied to the ground plane where the EcoflexTM tube would make contact.
And finally, the center pin of the SMA connector was pushed all the way in so the ground
plane made contact with EcoflexTM tube. It was held there for approximately 10 minutes
to ensure the superglue thoroughly dried. Additionally, 3D printed plates were superglued
to the tops of each EcoflexTM tube to allow attachment to the stretching test fixture. Figure
22 shows three examples of the completed antennas. It can be seen from the antenna on
the right, that the EcoflexTM can be easily be discolored due to dirt or grease.

Figure 22: Finished stretchable, liquid metal monopole antennas.

4.5. Monopole Measurements
With the antennas completed, three different antenna tests were used to compare
the actual antenna with the simulated antenna. From the initial simulation design, it was
determined that the frequency band of interest would be approximately 1.7 GHz to 3.7
GHz. Within this band, the 1. return loss, 2. radiation patterns, and 3. gain would all be
measured at various discrete “stretched” points and also continuously when measuring the

50

return loss. These measured values are then compared to the simulated results with any
significant differences discussed.
4.5.1. Return Loss (S11 Results)
Using the corrected monopole parameters as defined in Table 5, the simulation
results for S11, while stretched from 0 to 60 mm with 3 mm steps, are shown in Figure 23.
The figure shows in blue a compilation of S11 plots for each stretched point. For example,
the S11 plot for when delta = 0 mm (no stretch) is on the far-right side. When there is no
stretch, the antenna is simulated to have a very good resonance at about 3.1 GHz with an
S11 of about -25 dB. Each time the antenna is stretched an additional 3 mm (delta increases
by 3 mm), another S11 curve is generated with its resonance moving to the left or down in
frequency. This can be observed until the antenna is stretched 60 mm (far-left side) which
is the last step in the parametric sweep of delta. The red curve indicates the value of S11 if
simulation results could be taken while continuously stretching the antenna or rather
continuously sweeping delta.
To compare these results to the measured results, five different discrete points were
compared. The initial comparisons at delta = 0 and 60 mm are shown in Figure 24. In this
plot, the simulated results are shown in blue while the measured results are in red. From
the results, it can be seen that the effective length of the antenna is shorter than what the
simulation results are showing. This is causing the actual (red) resonances at each point to
be shifted slightly to the right or up in frequency.
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Figure 23: Simulation results for S11 with delta 0 to 60 mm.

Figure 24: Simulated and measured S11 results at delta = 0 and 60 mm.

Three discrete delta points between the high and low points are also measured.
These are show in Figure 25 with the simulated results once again in blue and the measured
results in red. In this case, the actual antenna was stretched until the resonance matched
the simulated result. Due to the antenna requiring to be stretched more to reach the same
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resonance, this also seems to imply that the antenna is electrically shorter that what was
simulated. The exception to this is when delta ≈ 36 mm which approximately matches the
simulated and measured resonances. This is believed to be due to the wide measured (red
curve) match (S11 ≈ -15 to -12 dB for 2 GHz to 2.4 GHz) which makes it difficult to find
the exact measured center resonance when delta = 36 mm.

Figure 25: Simulated and measured S11 results at delta ≈ 4, 20, and 36 mm.

Lastly, as seen in Figure 26, both the simulated and measured S11 results are shown
across the whole band while continuously adjusting the length of the antenna (both
physically and via the simulation). The measured response is captured by setting a
minimum hold on the network analyzer and then stretching the antenna from 0 to 60 mm.
The simulated results are obtained by extrapolating a curve from the minimums (best
impedance match) for each S11 curve when delta is changed from 0 to 60 mm with 3 mm
steps.
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Figure 26: Simulated vs measured S11 results while continuously stretched.

These results indicate a decent match between the simulated results from the
antenna model and the measured results from the constructed model. However, additional
research and investigation is underway to determine the cause of the differences between
the results. Some of the differences could be a result of the difficulty in constructing the
antenna with exact lengths, the potential for the SMA center pin to not make a perfect
electrical connection when stretched, and even the potential for holes or discontinuities in
the antenna when stretched. Independent of these differences, the measured results still
show an excellent tunable S11 = -10 dB match from 1.804 GHz to 3.794 GHz which
represents a tunable bandwidth of 1.99 GHz. And this occurs with an EcoflexTM stretch of
only about 100% which leads to a liquid metal radiator length increase of about 130%.
4.5.2. Radiation Patterns
To perform the radiation pattern measurements, the anechoic antenna chamber is
utilized. A horn antenna is used as the source antenna and is secured to the far end of the
chamber. The stretchable antenna is the UUT (unit under test) and once attached to the
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stretchable test fixture, is secured to a rotating tower on the near end of the chamber. RF
cables are then attached to both antennas and fed to a network analyzer. To measure the
pattern, the tower rotates while the network analyzer records the throughput loss (S21) for
each stepped angle over the full 360°. With the source horn vertically polarized, the UUT
is set up with the test fixture to stand vertically to match the vertical polarization (see Figure
27). Rotating the tower with this setup generates the H-plane pattern (θ = 90°, φ varying
0 to 360°). To generate the E-plane pattern (φ = 0°, θ varying 0 to 360°), the source horn
it rotated 90° to provide a horizontal polarization, and the UUT with its test fixture is also
turned on its side to match the horizontal polarization. Thus, when the tower rotates the
360°, the source antenna sweeps the E-plane of the UUT generating the corresponding
pattern (φ = 0°, θ varying 0 to 360°).

Figure 27: Antenna set up for H-plane pattern measurement

Following the setup as detailed above, the E-plane and H-plane radiation patterns
are measured at five different frequencies (3.168 GHz, 2.93 GHz, 2.4 GHz, 2.046 GHz,
and 1.848 GHz). To capture the pattern, not only is the network analyzer set to one of the
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five specific frequencies but the antenna is also stretched with the test fixture to resonate
at that specific frequency. This generates the pattern at the tuned frequency corresponding
the stretched length of the antenna. These measured patterns are then normalized to
compare to the normalized simulated patterns at the same five frequencies. Also, while the
maximum attenuated level shown on the plot for E-plane cut is -60 dB, it is roughly -10
dB on the H-plane cut plot in order /to emphasize any differences between the measured
and simulated patterns. Figure 28 through Figure 32 show the E-plane cut (φ = 0°, θ
varying 0 to 360°) and H-plane cut (θ = 90°, φ varying 0 to 360°) for frequencies 1.848
GHz to 3.168 GHz.

Figure 28: Simulated vs measured patterns at 1.848 GHz—(Left) E-plane cut, (Right) H-plane cut.
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Figure 29: Simulated vs measured patterns at 2.047 GHz—(Left) E-plane cut, (Right) H-plane cut.

Figure 30: Simulated vs measured patterns at 2.4 GHz—(Left) E-plane cut, (Right) H-plane cut.
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Figure 31: Simulated vs measured patterns at 2.93 GHz—(Left) E-plane cut, (Right) H-plane cut.

Figure 32: Simulated vs measured patterns at 3.168 GHz—(Left) E-plane cut, (Right) H-plane cut.
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From the patterns provided patterns, it is seen that the measured results compare
fairly well with the simulated results at the five different frequencies for both the E-plane
and the H-plane radiation pattern cuts.
4.5.3. Gain Measurements
The last test to be completed was that of measuring the gain. This measurement
was actually completed previously as part of measuring the radiation patterns at the five
different frequencies. However, the received power provided by the radiation pattern
measurements is not sufficient to know the gain. A simple calculation had to be performed
to determine the gain. This was completed by setting up a simple link budget which
consisted of the power received, power transmitted, cable loss, antenna gain from the
source horn, and the free-space loss from the source horn antenna to the UUT antenna.
This link is defined by using a variation of Friis’ transmission formula typically known as
the free-space path loss formula as defined in (6)[98]. It can also be written in dB form as
shown in (7) with an additional term added for the cable loss (CL), which is specific for
our setup. In both equations, Gt represents transmitting antenna gain (source horn antenna
gain), Gr represents receiving antenna gain (UUT antenna gain), Pt represents transmitted
power (transmitted power from the network analyzer), and Pr represents received power
(received power at the network analyzer). With the terms defined, (7) can be rearranged
to solve for the gain of the UUT (Gr) as shown in (8). It can be further simplified by
replacing the three terms representing the free-space path loss with FSPL as shown in (9)
and (10).
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𝐺𝑡 𝐺𝑟 𝜆2
𝑃𝑟 = 𝑃𝑡
(4𝜋𝑅)2

(6)

𝑃𝑟 (𝑑𝐵𝑚) = 𝑃𝑡 (𝑑𝐵𝑚) + 𝐺𝑡 (𝑑𝐵) + 𝐺𝑟 (𝑑𝐵) − 𝐶𝐿 (𝑑𝐵)
− 20 log 𝑅 (𝑚) − 20 log 𝑓 (𝐺𝐻𝑧) − 32.44

(7)

𝐺𝑟 (𝑑𝐵) = 𝑃𝑟 (𝑑𝐵𝑚) − 𝑃𝑡 (𝑑𝐵𝑚) − 𝐺𝑡 (𝑑𝐵) + 𝐶𝐿 (𝑑𝐵)
+ 20 log 𝑅 (𝑚) + 20 log 𝑓 (𝐺𝐻𝑧) + 32.44

(8)

𝐺𝑟 (𝑑𝐵) = 𝑃𝑟 (𝑑𝐵𝑚) − 𝑃𝑡 (𝑑𝐵𝑚) − 𝐺𝑡 (𝑑𝐵) + 𝐶𝐿 (𝑑𝐵) + 𝐹𝑆𝑃𝐿 (𝑑𝐵)

(9)

𝐹𝑆𝑃𝐿(𝑑𝐵) = 20 log 𝑅 (𝑚) + 20 log 𝑓 (𝐺𝐻𝑧) + 32.44

(10)

From here it is necessary to determine the value of each term in (9) to solve for the
receiver gain. Of the five terms, Pr was provided when measuring the radiation pattern, Pt
was set at 0 dBm on the network analyzer, Gt is provided from a characterization sheet
from the horn antenna manufacturer (see APPENDIX A), and FSPL is calculated from the
separation distance (R) between the two antennas and the transmitted frequency (f) set on
the network analyzer. This leaves only the cable loss to be determined. This was
accomplished with the network analyzer. After connecting all of the RF cables and
connectors end-to-end to the network analyzer, the loss (S21) was measured and recorded
over the band 0.5 GHz to 4.5 GHz at 1 MHz samples. A plot with 10 markers scaling the
band is shown in Figure 33.
With all of the values for each term defined, the gain was calculated for each of the
five frequencies for both the E-plane and H-plane radiation patterns. Table 6 and Table 7
show the values for each term and the resultant gain (dark gray). Also shown on the tables
are the values for the simulated gain for comparison.
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Figure 33: RF cable loss over band 0.5 GHz to 4.5 GHz.

Table 6: Measured gain for five frequencies on E-plane cut
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Table 7: Measured gain for five frequencies on H-plane cut

As seen from Table 6 and Table 7, the gain of the stretched antenna does not ideally
match the simulated gain. Several reasons could be causing this discrepancy. First, the
antenna chamber could potentially need calibration, meaning that there may be some losses
or reflections that are causing slightly inaccurate received power levels. The ability to
calibrate the chamber with known horn antennas will solve this potential issue. Second,
while a characterization sheet has been provided for the source horn antenna in APPENDIX
A, it is likely that the gain values are no longer accurate due to when it was last
characterized. The calibration interval as stated by the vendor is every 12 months but the
antenna was last calibrated over five years ago. Third, issues with the stretchable antenna
itself could be causing the low gain. For example, oxidation of the liquid metal could be
causing poor connectivity to the center pin connector on the SMA, ribs in the EcoflexTM
tube due to the 3D printing process could be affecting the results, or potential imperfections
in the shape of the liquid metal radiator (i.e. discontinuities in the liquid metal) when the
antenna is stretched could be an issue. Each of these potential concerns necessitate
additional investigation to determine their effects on the antenna and its gain.
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CHAPTER 5: Stretchable Liquid Metal Phase Shifter
5.1. Phase Shifter
To meet the goal of creating a stretchable liquid metal phased array, the stretchable
liquid metal monopole antenna was first created. Next, the stretchable liquid metal phase
shifter was created. This began by following the same process as used when creating the
antenna by first starting with the basic theory and design, then simulating the model,
followed by construction, and ending with testing the prototype by measuring the return
loss and the insertion loss, both magnitude and phase, at various stretches. By repeating
the same process, lessons learned from creating the stretchable monopole are applied in the
creating of the phase shifter.
5.2. Phase Shifter Theory and Design
The phase shifter will also be constructed of the generic galinstan liquid metal with
the same stretchable polymer EcoflexTM 00-30. It will be based on a coax design with a
liquid metal outer cylinder to serve as the ground shield and a liquid metal center conductor
as the center wire of the coax. The insulation between the shield and center conductor, and
also surrounding it, will be the same EcoflexTM 00-30. Once complete, the basic phase
shifting operation will be accomplished by simply stretching the phase shifter to increase
its length. By increasing the length, the transmission path increases resulting in an
increased time delay and as a result, a phase shift of the signal.
The stretchable liquid metal phase shifter was based on the similar design by Hayes
et al. in [30] as covered in the literature review section 1.2. and repeated here. In their
work, a coax phase shifter was constructed with a liquid metal center conductor, a
stretchable polymer, specifically styrene-ethylene/butylene-styrene (SEBS), as the
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insulator, and five stretchable liquid metal wires weaved around the center conductor as
the ground shield. As stated before, to add a phase shift to the signal, the coaxial phase
shifter is simply stretched to increase its length and time delay. By relaxing the stretch, the
length and phase decrease back to their original values as shown in Figure 34.

Figure 34: Stretchable liquid metal coaxial phase shifter [30].

While the liquid metal for this work is the generic galinstan and the stretchable
insulator is EcoflexTM, the main variation between the Hayes et al. design and this work is
the ground shield. Hayes et al. used five individual wires woven around the center
conductor as the ground shield, as shown in Figure 35c, while the shield design for this
work consisted of a solid liquid metal cylinder surrounding the insulated center conductor
as shown in Figure 35a. This variation was used to decrease some of the issues that Hayes
et al. had with their design, due to the gaps between the shield wires becoming more
significant at higher frequencies.

Figure 35: Cross-section of coax phase shifter with different shields [30].
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One of the advantages of using a coax design with the stretchable polymer is its
ability to keep a constant characteristic impedance while stretching. This is because the
characteristic impedance of a coaxial line (11) is based on the ratio of the shield radius (b)
to the center conductor radius (a) which ratio stays constant when stretched.
𝑍0 =

1 𝜇
𝑏
√ ln ( )
2𝜋 𝜀
𝑎

(11)

The ratio (b/a) can be shown to be constant for a stretched material based on the
Poisson ratio of the material. The Poisson ratio of a material is the ratio that defines the
lateral (transverse) strain to the longitudinal (axial) strain, meaning that the lateral strain is
proportional to the longitudinal strain by this factor—the Poisson ratio. Because the
Poisson ratio is based on strain, which is the change in length over the original length (a
percentage change), the effect (percentage change) that occurs on a stretched object with a
larger diameter will be the same as on one with a smaller diameter. This means that while
the diameter of larger cylinder may shrink at larger values than a smaller diameter cylinder,
the percentage change or percentage shrinkage will be the same for both if both are the
same initial length and stretched the same amount. This is also detailed by Hayes et al. in
[30] and repeated or proven mathematically below.
Let:

a0=initial radius of the center conductor
as=stretched radius of the center conductor
b0=initial inside radius of the shield
bs=stretched inside radius of the shield
L0=initial length of the cylinder
Ls=stretched length of the cylinder
νa=Poisson ratio of the EcoflexTM affecting the center conductor
νb=Poisson ratio of the EcoflexTM affecting the shield
εlateral_a=lateral strain of the center conductor
εlateral_b=lateral strain of the shield
εlongitudinal=longitudinal strain
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𝑏 − 𝑏0
−( 𝑠
)
−𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙𝑏
𝑏0
𝜈𝑏 ≡
=
𝐿𝑠 − 𝐿0
𝜀𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙
𝐿0

𝑎 − 𝑎0
−( 𝑠
)
−𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙𝑎
𝑎0
𝜈𝑎 ≡
=
𝐿𝑠 − 𝐿0
𝜀𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙
𝐿0
𝜈𝑎 = 𝜈𝑏

𝑏 − 𝑏0
𝑎𝑠 − 𝑎0
−( 𝑠
)
)
𝑎0
𝑏0
=
𝐿𝑠 − 𝐿0
𝐿𝑠 − 𝐿0
𝐿0
𝐿0

(12)

(13)

−(

(14)

𝑎𝑠 − 𝑎0 𝑏𝑠 − 𝑏0
=
𝑎0
𝑏0

(15)

𝑎𝑠
𝑏𝑠
−1= −1
𝑎0
𝑏0

(16)

𝑎𝑠 𝑏𝑠
=
𝑎0 𝑏0

(17)

𝑏0 𝑏𝑠
=
𝑎0 𝑎𝑠

(18)

Due to the characteristic impedance staying constant over a stretch, the main design
consideration, per (11), was to decide upon the radius of the center conductor and the radius
of the shield to generate the desired characteristic impedance of 50 Ω, given the dielectric
constants of the EcoflexTM. With the permeability of EcoflexTM taken to be 1 and the
permittivity as previously measured at 3.1, determining the radii of the phase shifter is
further simplified to picking one radius and calculating the other to deliver the impedance
of 50 Ω. The remaining dimensions of the phase shifter were picked solely based on the
ease of construction. By leaving the dimensions relatively larger, dispensing the liquid
metal was able to be completed with a pipette or syringe. Table 8 provides the dimensions
for the preliminary design of the phase shifter.
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Table 8: Preliminary phase shifter dimensions.

Parameter
Center conductor radius
Inside shield radius
EcoflexTM 00-30 permittivity
Characteristic impedance
LM shield thickness
EcoflexTM outside insulator thickness
EcoflexTM gap on ends
Length excluding EcoflexTM gaps

Value
1.5 mm
6.5 mm
3.1
49.94 Ω
3 mm
3 mm
2 mm
65 mm

5.3. Simulations
Much in the same manner as the simulations were done for the stretchable
monopole antenna, the simulations were repeated for the stretchable liquid metal phase
shifter. First, the model was created in CST Microwave Studio to provide preliminary
results, then Comsol Multiphysics was used to model the decrease in the diameter of the
phase shifter as stretched, and finally, the results of Comsol were combined with CST to
create a stretchable phase shifter that decreased in diameter when stretched.
5.3.1. CST Simulations
To begin with the preliminary CST simulations, the model according to Table 8
was constructed. In addition to the parameters in Table 8, the model also consisted of
copper disks attached to the top and bottom of the phase shifter. These disks serve two
purposes: 1. an attachment point for stretching the phase shifter, and 2. a rigid surface for
attaching components to interface the liquid metal to the outside world. These interfacing
components consist of an SMA connector with a long 18 mm center pin to connect to the
liquid metal center conductor and a thin-walled 10 mm tall copper ring to connect the
ground to the liquid metal shield. The CST model with labels is shown in Figure 36.
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Figure 36: CST phase shifter model with labels.

As done before with the stretchable monopole antenna, the phase shifter model
defined its length in terms of initial length + delta. By using delta (stretched amount), the
model could easily simulate stretching by running a parametric sweep. While the goal of
the stretching was to reach a 360° phase shift with a 100% stretch, these initial simulations
(Figure 37) provided a quick look at the phase angles feasible with delta ranging from 0 to
65 mm, over the frequency band 1 to 4 GHz. Also indicated is the phase shift across the
entire 65 mm stretch at three different frequencies--1.5 GHz, 2.4 GHz, and 3.5 GHz.

Figure 37: Initial CST simulation results for S21 phase angle with delta varying 0 to 65 mm.
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The insertion loss and return loss were also simulated and indicated less than 0.15
dB and better than 19 dB, respectively, with a maximum 65 mm stretch. Both simulation
values indicated good preliminary results; however, more important, would be these results
with the diameter of the phase shifter shrinking while stretched. To model how much the
stretching would affect the diameter of the phase shifter, Comsol Multiphysics was once
again utilized.
5.3.2. Comsol Multiphysics Simulations
As done with the monopole antenna, Comsol Multiphysics was used to model the
decrease of the diameter of the phase shifter as it was stretched. The parameter delta was
again used during the simulations, and as before, 0.49 was used in the model as the Poisson
ratio of EcoflexTM. Additionally, the value of 69 kPa was used for the Young’s Modulus
of EcoflexTM even though it does not affect the simulation results as previously explained
in paragraph 3.2.1. With the material parameters defined and the model dimensions
defined from the values in Table 8, simulations of the model were ran with a stretch from
0 to 65 mm, as shown in Figure 38.
In the figure, the original dimensions of the phase shifter, shown by the black lines,
make the decrease of the radius more easily seen. Also shown are plots indicating the
increase of the height of the phase shifter and the decrease of the radius of the phase shifter
as delta changes from 0 to 65 mm. Because the phase shifter model includes 2 mm
EcoflexTM caps between the copper attachment disks and the beginning of the liquid metal
shield, various points on the top of the phase shifter were simulated to measure their
increase in height as the phase shifter was stretched. Fortunately, as shown by the height
vs. delta plot, the heights at all points show an increase in height almost identical to the
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stretched amount delta. Because of this, the extrapolated equations for the height of the
liquid metal conductors can all be approximated as the same straight forward equation
shown in (19). Similarly done, several points along the same radial line on the phase shifter
are simulated to determine their decrease in radius as delta is changed from 0 to 65 mm.
The vertical reference of each of the points is the middle of the phase shifter and the radial
references include the radius of the center conductor, the radius of the inside of the shield,
the radius of the outside of the shield, and the radius of the outside of the outer EcoflexTM
container. By utilizing the point-slope formula and several points along the lines of each
of the curves, equations were then extrapolated to define the height in terms of delta and
also the radius in terms of delta for each of the points along the radial line. These equations
as shown in (20)-(23) were then inserted back into the CST model to the permit the CST
model to shrink in diameter while stretched.

Figure 38: Comsol phase shifter simulations—(Left) Phase shifter’s diameter shrinks as it is stretched,
(Right) Plots of the phase shifter’s height and radius vs delta.
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ℎ𝑒𝑖𝑔ℎ𝑡𝐿𝑀 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠 = 𝑑𝑒𝑙𝑡𝑎 + 65

(19)

𝑟𝑎𝑑𝑖𝑢𝑠𝑐𝑒𝑛𝑡𝑒𝑟 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 = −0.011(𝑑𝑒𝑙𝑡𝑎) + 1.5

(20)

𝑟𝑎𝑑𝑖𝑢𝑠𝑖𝑛𝑠𝑖𝑑𝑒 𝑠ℎ𝑖𝑒𝑙𝑑 = −0.048(𝑑𝑒𝑙𝑡𝑎) + 6.5

(21)

𝑟𝑎𝑑𝑖𝑢𝑠𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑠ℎ𝑖𝑒𝑙𝑑 = −0.070(𝑑𝑒𝑙𝑡𝑎) + 9.5

(22)

𝑟𝑎𝑑𝑖𝑢𝑠𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 = −0.092(𝑑𝑒𝑙𝑡𝑎) + 12.5

(23)

5.3.3. Combined Simulations
By defining the various radii of the phase shifter in terms of delta, the CST model
became a more accurate representation due to the radius decreasing when stretched.
However, it was quickly discovered in the CST model that the liquid metal shield could
shrink sufficiently so that it no longer maintained electrical contact with the shield interface
ring, as shown in Figure 39. This was due to the CST model still maintaining a cylindrical
shape when stretched. With the physical prototype, the glued attachment disks on the top
and bottom of the phase shifter would actually prevent these points from decreasing in
diameter, and as a result, would cause the stretched phase shifter to take on more of an
hourglass shape as shown in the Comsol model in Figure 38. To correct this, adjustments
were made to the CST model so that the ends of the phase shifter were tapered from the
original diameter to the shrunken diameter as shown in Figure 40. With this modification,
the copper interfacing shield ring now maintained electrical contact with the liquid metal
shield without protruding through the EcoflexTM outer container wall.
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Figure 39: CST phase shifter model with EcoflexTM shrunk past shield interface ring.

Figure 40: CST phase shifter model with an hourglass taper implemented.

With the CST model correctly shrinking in diameter when stretched, the
simulations were run once again. The simulations were performed over the frequency
range 1 to 4 GHz with delta ranging from 0 to 65 mm. Additionally, the phase shift with
a 65 mm stretch is provided. The results were encouraging and showed what may be
feasible with a constructed phase shifter. From Figure 41, the insertion loss still shows a
very low loss at less than 0.26 dB with a 65 mm stretch. While it is unlikely the actual
insertion loss will be this low due to imperfections in assembly, the low value provides
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confidence that no abnormalities exist which could lead to significant losses. From Figure
42, the return loss also continued to show a good result with all values better than -16 dB
over the band. Lastly, in Figure 43 the phase shifts are shown to closely match those from
Figure 37, which indicates that the hourglass shape had little to no effect on the actual
phase shift--the phase shift at 2.4 GHz with a 65 mm stretch stayed at 334°.

Figure 41: Final CST simulation results for insertion loss with delta varying 0 to 65 mm.

Figure 42: Final CST simulation results for return loss with delta varying 0 to 65 mm.
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Figure 43: Final CST simulation results for phase angle and shift with delta varying 0 to 65 mm.

5.4. Construction
The simulations provided reasonable evidence that a prototype phase shifter would
provide good results, so construction began. Constructing the phase shifter consisted of
several steps to include 3D printing an EcoflexTM mold, creating the EcoflexTM liquid metal
containers, creating the copper interfacing shield rings, cutting the attachment disks,
soldering together all of the liquid metal interfacing components such as the SMA
connector and the ground interfacing ring, dispensing the liquid metal and properly sealing
it off to prevent leaks, and connecting or assembling all of the components or pieces
together. Because the constructed phase shifter was a prototype, the construction of
additional phase shifters would be continuously modified and improved until arriving at an
ideal process. Documented below are the lessons learned and the construction process for
the prototype phase shifter.
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5.4.1. 3D Printing the Mold
To construct the mold, the same 3D printer and filament were used when creating
the mold for antenna. Starting with the phase shifter dimensions from Table 8, the
preliminary design for the phase shifter mold is shown in Figure 44 (Left). In the design,
the inner pieces were created to thread into their parent outer pieces as shown when
assembled in Figure 44 (Right). Keys were also made to assist in assembling but more
importantly for disassembling the mold once the EcoflexTM has been poured and cured.

Figure 44: Initial 3D print molds for the EcoflexTM containers—(Left) Disassembled with keys, (Right)
Assembled.

After the EcoflexTM had cured, the inner rod was removed using the smaller 3D
printed key. However, when attempting to separate the middle tube, it was quickly
discovered that the key for the middle tube could not provide sufficient leverage to break
the surface tension of the cured EcoflexTM to allow it to unscrew. Unfortunately, the mold
had to be destructively removed with a Dremel tool.
This destructive removal led to an improved design which more closely matched
the successful design of the mold for the antenna. The design consisted of two halves that
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were held together with retaining rings and screwed into a base. To adapt this to the phase
shifter design, two molds were created—one for the inner EcoflexTM container and one for
the outer EcoflexTM container. The mold designs and assembled prints are shown in Figure
45. This design, like the antenna’s mold design, allowed the easy separation of the mold
and removal of the EcoflexTM containers without destroying the mold or potentially
damaging the container in the process.

Figure 45: Final 3D print molds for the EcoflexTM containers—(Left) Disassembled inside container,
(Middle) Disassembled outside container, (Right) Assembled printed molds.

5.4.2. Creating the EcoflexTM Liquid Metal Containers
To create the EcoflexTM liquid metal containers, a similar process was followed as
when the monopole antenna was created. First, the EcoflexTM part A and B were mixed
with a centrifuge at a 1A:1B ratio followed by using a vacuum for about 5 minutes to
remove any air bubbles, then the mixture was dispensed into the mold using a pipette, and
lastly, the vacuum was again used to remove any air that may have been trapped while
dispensing the mixture. In addition to using the vacuum when pouring the EcoflexTM, it
was also used when dispensing the liquid metal to ensure any trapped air was removed.
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5.4.3. Copper Interfacing Rings, Attachment Disks, and SMA Connectors
Various smaller components were also constructed in order to interface the liquid
metal in the phase shifter to outside connections. The copper interfacing shield ring and
SMA connectors did just this but both also needed a point in which to connect. The
attachment disks that were on the top and bottom of the phase shifter served this purpose
in addition to a rigid point to attach a stretching device.
To create the copper interfacing shield rings, a CNC machine was used to cut out
of a 0.12 mm sheet of copper several rectangular pieces roughly the size 10 mm x 40.8
mm. Several round plywood disks of the appropriate diameter were also laser cut and
glued together to form a dowel. The copper rectangle was then wrapped around this wood
dowel and soldered together in order to form the copper ring. Because the copper rings
would be in contact with the liquid metal shield, the solder joint was at risk of becoming
weak, breaking, or dissolving due to the liquid metal. To prevent this from occurring, the
solder joints on the copper rings were wrapped with copper foil tape, shown in Figure 46.

Figure 46: Copper interfacing ground rings with and without the copper foil tape.
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The attachment disks were also cut by the CNC machine with a center hole
matching the diameter of the insulation over the long 18 mm center pin of the SMA
connector. This allowed the insulated center pin of the SMA connecter to fit perfectly into
the disk without making electrical contact with the
grounding disk. To secure the SMA connector to the disk, it
was soldered in place. Once soldered in place, the excess
insulation around the center pin and above the attachment
disk was cut and removed. This left the center pin bare to

Figure 47: SMA connector prior
to Teflon insulation removed.

make contact with the liquid metal once inserted into the EcoflexTM container. The SMA
connector, prior to the insulation being removed, is shown in Figure 47.
5.4.4. Dispensing the Liquid Metal, Sealing, and Assembly
Once the EcoflexTM had cured in the molds, the containers were removed and the
liquid metal was ready to be dispensed. With the initial mold, one of the copper interfacing
shield rings was inset into the mold as the EcoflexTM cured. However, the cured EcoflexTM
did not bond tightly enough to the metal ring and when stretched, it separated from the ring
allowing the liquid metal shield to leak out. With the final mold, sealing the liquid metal
shield was done with super glue rather than relying on an EcoflexTM-to-metal seal.
5.4.4.1. Inner EcoflexTM Liquid Metal Container
Dispensing the liquid metal into the inner EcoflexTM container was done with a
pipette. In the same exact manner as done with the antenna, once the liquid metal reached
the fill line, it was vacuumed to remove any trapped air, topped off with liquid metal back
to the fill line, and then capped off with additional mixed EcoflexTM. After the EcoflexTM
cap cured, it provided a strong seal that held up the constant stretching.
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At this point, the copper interfacing shield ring was installed and superglued to both
ends of the inner EcoflexTM liquid metal container as shown in Figure 48. The attachment
disk with the soldered SMA connector was then secured to one side of the inner container.
This was done in the same manner as done with the antenna. First, a thumbtack poked a
preliminary hole in the center of one end, next the long 18 mm center conductor of the
SMA connector was inserted partially, then superglue was liberally applied to the end of
the container, and finally the center conductor was inserted fully until the end of the
EcoflexTM container butted up against the attachment disk. It was held together for about
10 minutes to ensure the superglue had dried sufficiently to hold the end of the container
to the attachment disk. In order to ensure a good electrical connection from the copper
interfacing shield ring to the ground, it was then soldered to the copper attachment disk
which functioned as the ground. With the solder on the interfacing shield ring again
potentially exposed to the effects of the liquid metal, the ring was again wrapped with
copper foil tape.

Figure 48: Inner EcoflexTM liquid metal containers with interfacing shield rings.
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5.4.4.2. Outer EcoflexTM Liquid Metal Container
In order to dispense the liquid metal into the outer container, first the outer container
had to be installed over the partially assembled inner container which consisted of one
attachment disk and one SMA connector. To do this, the outer container was simply slid
over the inner container and all the way down until the end of the outer container butted up
against the attachment disk. To secure the outer container in place, superglue was applied
to the attachment disk and the bottom portion of the interfacing shield ring but only where
the outer container would make contact for the seal. After the end of the outer container
was glued to attachment disk, the opposite end of the inner container could then be glued
to its respective attachment disk and SMA connector. Prior to doing this, the end of the
outer container was rolled over to prevent interfering with gluing the inner container to its
attachment disk.

The gluing, soldering, and the overall attachment process of this

attachment disk followed the same procedure as was done on the previous side. Figure 49
shows partially assembled phase shifters with attachment disks on both sides.

Figure 49: Partially assembled phase shifters showing the soldered interfacing shield rings.
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With the outer container and the last attachment disk attached to the phase shifter,
it was almost ready for the liquid metal which serves as the shield. To assist in filling the
outer container with liquid metal, a small hole was drilled through the attachment disk but
outside the copper interfacing shield ring. Now the outer container was unfolded and ready
for the liquid metal. While pulling the top of the outer container to the side to create an
opening, it was filled about 75% full with liquid metal. This was done to prevent the liquid
metal from contacting the top of the EcoflexTM container which would in turn prevent
superglue from properly adhering it to another surface, which was the next step. Superglue
was then applied to the top of the EcoflexTM container and attachment disk and the surfaces
were held together until dry. The final step was to top off the liquid metal in the outer
container. This was done by using a syringe to inject the last 25% of the liquid metal
through the previously drilled hole in the top attachment disk. When this was done, a drop
of superglue was applied to the hole to close it off. Shown in Figure 50 are the completed
phase shifters with darkened EcoflexTM from anechoic foam residue.

Figure 50: Completed phase shifter prototypes darkened from anechoic foam residue.
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5.5. Measurements
With the phase shifters constructed, the next step was to take measurements of the
phase shifters for comparisons with the simulation results from 5.3.3. However, while two
phase shifters were created and measured, results will only be presented for one. To make
the comparisons, the same electrical responses will be compared as were generated by the
simulations, specifically the insertion loss, the return loss, and the phase angle with phase
shift. While it is likely the insertion loss will be greater than the simulated 0.26 dB, of
particular interest will be how much phase shift a 65 mm stretch can actually provide versus
what was simulated. For all the measurements, the frequency band will be 1 to 4 GHz and
stretching will vary from 0 to 65 mm. Also of interest, from the measurements, will be the
improvements in high frequency versus the phase shifter in [30]—due to modifying the
liquid metal shield from a mesh style with woven liquid metal strands to a solid style with
a hollow cylindrical liquid metal shield.
In order to stretch the phase shifter a
mechanical stretcher almost identical to the one used
for the antenna (just larger and able to lay on its side)
was 3D printed (Figure 51).

Measurements and

marks were made on the phase shifter to represent

Figure 51: Phase shifter stretcher.

stretches in 10 mm increments from 0 to 60 mm with an additional mark for 65 mm.
5.5.1. Insertion Loss
The measurements for insertion loss for the phase shifter with stretches varying
from 0 to 65 mm are shown in Figure 52. To display the worst-case insertion loss over all
stretches, a Matlab script was written to compare the loss across each stretch and return the
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worst-case loss. This data was compared to the data obtained when using the minimum
hold feature on the network analyzer while continuously stretching the phase shifter up to
65 mm. The data sets were found to be almost identical. This worst-case insertion loss
from the Matlab script (with stretches up to 65 mm) is provided on the same plot (Figure
53) as the worst-case simulated insertion loss over all values of delta (0 to 65 mm). The
simplified plot provides an easier comparison of the simulations to the measurements while
ensuring that the insertion loss won’t be any worse than what’s shown, even with any
stretch/delta value up to 65 mm. From the plot, it is easy to see that the measured loss was
not close to the simulated loss of less than 0.26 dB. As predicted earlier, this simulated
value would be difficult to obtain in a lab setting where imperfections in assembly are
difficult to eliminate; however, a measured loss of less than 2 dB is still a reasonably good
value for a lab produced prototype. Unfortunately, it can be seen that the protype exceeds
this loss at about 2.4 GHz. While the losses stay below 3 dB across the entire band, it
appears that with stretches above 40 mm that the losses begin to become more significant
which potentially represent the beginning of transverse electromagnetic (TEM)
breakdown. This could be the result of potential gaps or air pockets in the liquid metal
shield when sufficiently stretched. However, even with these losses due to the large
stretches, the results still show a significant improvement over the phase shifter design of
[30] which exceeded 2 dB of losses at a much lower frequency of 1.5 GHz.
The last data plotted in Figure 53 is that of the maximum insertion loss when the
phase shifter is stretched up to a maximum of 40 mm. Provided again with the Matlab
script, this data is significant because it represents the maximum loss with the maximum
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stretch that still provides a return loss better than -10 dB. Plots showing the return loss will
be covered in paragraph 5.5.2.

Figure 52: Measured insertion loss with stretches varying 0 to 65 mm.

Figure 53: Simulated and measured insertion loss over a delta/stretch of 0 to 65 mm. Also includes the
measured insertion loss with a stretch 0 to 40 mm—the maximum stretch with S11 = -10 dB or better.
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5.5.2. Return Loss
The measurements for return loss for the phase shifter were also captured with
stretches varying from 0 to 65 mm (Figure 54). As was done when plotting the insertion
loss, a Matlab script was used to provide the worst-case data. This data was also compared
to the worst-case data obtained by using the maximum hold trace function on the network
analyzer while continuously stretching from 0 to 65 mm. As expected, the data sets were
almost identical. Figure 55 shows this worst-case measured return loss over the entire
stretch of 0 to 65 mm and compares it to the worst-case simulated return loss over the same
range. Additionally, as shown in Figure 55, the worst-case return loss when stretched from
0 to 40 mm was captured. By studying the return loss at various stretches in Figure 54, the
stretch of about 40 mm was found to represent the maximum stretch while maintaining an
S11 of -10 dB or better across the entire frequency band. This is one reason why the
insertion loss with a maximum stretch up to 40 mm was shown in Figure 53.

Figure 54: Measured return loss with stretches varying 0 to 65 mm.
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Figure 55: Simulated and measured return loss over a delta/stretch of 0 to 65 mm. Also includes the
measured return loss with a stretch 0 to 40 mm—the maximum stretch with S11 = -10 dB or better.

While the measured return loss results aren’t as good as would be desired, the
roughly 40 mm stretch (roughly a 62% stretch) still maintains an S11 better than -10 dB
over the entire frequency range of 1 to 4 GHz. This represents a significant improvement
over the phase shifter with the mesh style shield (hand-woven liquid metal strands) of [30],
whose S11 exceeded -10 dB at 1.2 GHz with no stretch, indicating a poor match. One
reason the return loss may worsen with increased stretching is due to the EcoflexTM
polymer not actually having a linear elasticity. While EcoflexTM may be approximated as
linear for small stretches, if the stretch becomes sufficiently large, the elasticity of
EcoflexTM will display its non-linearity. This non-linearity will cause the Poisson ratio of
EcoflexTM to change which can cause the characteristic impedance to also be affected and
the return loss to worsen. Additionally, the return loss may be affected due to the nonmatching shapes of the inner EcoflexTM container and the outer EcoflexTM container,
particularly at the ends where the outer container attaches to copper attachment disks.
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These mismatched shapes could then cause the two containers to not decrease in radius at
the same rates, which would then cause the characteristic impedance to change and the
return loss to worsen. However, independent of the non-ideal return loss, as stated before,
the phase shifter still provides significant improvements over the previous phase shifter of
[30]. All that is left now is to determine how much of a phase shift the phase shifter can
provide, with a full 100% stretch and with a 62% stretch (0 to 40 mm).
5.5.3. Phase Shift
The measurements for the phase angles of the transmission coefficient S21 at
stretches varying from 0 to 65 mm are shown in Figure 56 over the frequency band 1 to 4
GHz. Additionally, the phase shift from 0 to 65 mm, representing a 100% stretch, and also
the phase shift from 0 to 40 mm, representing the maximum stretch with S11 = -10 dB or
better, are both shown on the plot. For comparisons, the simulations from Figure 43 are
also repeated and shown above the measured results.

Figure 43: Final CST simulation results for phase angle and shift with delta varying 0 to 65 mm.
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Figure 56: Measured phase angles at varying stretches from 0 to 65 mm. Also includes phase shifts with a
stretch of 65 mm (100% stretch) and 40 mm (maximum stretch with S11 = -10 dB or better).

From the plots in Figure 56, it can be seen that the phase shifter actually provides
decent phase shifts of 203°, 321°, and 461° at 1.5 GHz, 2.4 GHz, and 3.5 GHz, respectively.
When the measured results are compared to the simulated results, it is seen that the
measured phase angles don’t match the simulated phase angles. This is easily explained as
due to the addition of adapters when measuring the phase shifter. However, when
comparing the phase shifts at each of the three frequencies, it is seen that while not perfect,
the measured values still provide a reasonably good match to the simulated phase shift
values, with the simulations showing 51.4°/10 mm and the measurements showing
49.4°/10 mm at 2.4 GHz—a difference of only 2°/10 mm. Furthermore, because of the
high elasticity of EcoflexTM and the higher frequency before breakdown, greater phase
shifts can be provided than those from the phase shifter of [30], such as almost tripling the
phase shift at 2 GHz from 74° to 203° (50 mm stretch with S11 = -10 dB or better). Lastly,
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if the stretch of the phase shifter is limited to a maximum stretch (40 mm) that still provides
an S11 = -10 dB or better over the entire band, great phase shifts are still possible—122°,
194°, and 282° at 1.5 GHz, 2.4 GHz, and 3.5 GHz, respectively.
The small phase shift difference between the measured phase shifter and the
simulated phase shift indicates that the phase velocity of the prototype could be faster than
the simulated model. This would imply that the permittivity of the phase shifter is smaller
than the original value of 3.1 used in the simulations. To test this, the simulations were
reran while decreasing the permittivity of EcoflexTM until a matching phase shift was
roughly obtained. This occurred with a permittivity of approximately 2.85. Because this
value is lower than what was measured when testing the permittivity of EcoflexTM, it is
possible that either the permittivity measurement was flawed or that imperfections in
construction of the phase shifter were not properly modeled by the simulations, thus
affecting the overall phase shift. This is an area where additional research is warranted.
One such task could be using this new permittivity value with the stretchable monopole
antenna model and comparing those results with the measured results to verify if the two
more accurately agreed. For now, with a functional phase shifter constructed, the next step
is to construct the stretchable array while utilizing the stretchable phase shifter to steer the
antenna beam.
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CHAPTER 6: Stretchable Liquid Metal Antenna Array
6.1. Antenna Array
The culminating section of this research was to combine two of the stretchable
liquid metal monopole antennas and the stretchable liquid metal phase shifter to create the
stretchable liquid metal antenna array. By using the phase shifter as part of the feed
configuration, control over the direction of the radiating beam is obtained. Steering the
beam is simply accomplished stretching or relaxing the phase shifter to obtain the necessary
phase shift. Additionally, impedance matching is improved with control over the lengths
of the monopole antennas and also their separation. This chapter covers the design,
simulations, construction, and measurements of the array.
6.2. Basic Theory and Design
Basic beam control of an array is based on controlling the phase shift of the signals
for the antenna elements in the array. By progressively increasing the phase angle on the
signal for each antenna element, the direction of the main beam can be controlled. Most
antenna textbooks, such as [99],[100] cover array theory. In [99], the array factor is defined
as an array multiplicative pattern that when multiplied by the antenna element pattern will
produce the total array pattern. The array factor is the pattern that is generated by equally
spaced and uniformly excited isotropic point sources fed by progressively phase shifted
signals. In [99], the array factor is mathematically defined by equations (24) and (25).
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Where:

𝑁𝜓
1 sin ( 2 )
𝐴𝐹𝑛 = [
]
𝑁 sin (𝜓)
2

(24)

𝜓 = 𝑘𝑑 cos 𝜃 + 𝛽

(25)

𝐴𝐹𝑛 = 𝑛𝑜𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑎𝑟𝑟𝑎𝑦 𝑓𝑎𝑐𝑡𝑜𝑟
𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑎𝑟𝑟𝑎𝑦
2𝜋
𝑘=
𝜆
𝜆 = 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
𝑑 = 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝜃 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒
𝛽 = 𝑝𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑝ℎ𝑎𝑠𝑒 𝑠ℎ𝑖𝑓𝑡

As seen from the two equations, if the number of elements (N), the wavelength (λ)
or frequency, the separation distance (d), and the phase shift (β) are all held constant, then
the array factor pattern can be generated by simply rotating the observation angle (θ)
around the array. However, because the maximum will occur when ψ = 0, it can also be
shown that for any arbitrary angle (θ = θ0), there is a value of β that will result in the
maximum at that angle, as shown mathematically below.

Where:

𝜓(𝜃 = 𝜃0 ) = 𝑘𝑑 cos 𝜃0 + 𝛽 = 0

(26)

𝛽 = −𝑘𝑑 cos 𝜃0

(27)

2𝜋

𝑘=
𝜆
𝜆 = 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
𝑑 = 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝜃 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒
𝜃0 = 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑚𝑎𝑥𝑖𝑚𝑢𝑚
𝛽 = 𝑝𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑝ℎ𝑎𝑠𝑒 𝑠ℎ𝑖𝑓𝑡
Additionally, if the desired maximum is in the θ = 0° or 180°, then β reduces to -kd

or kd, respectfully. These directions are called the endfire directions. If the desired
maximum is off to the side (θ = 90° or 270°) then β reduces to 0, and these are called
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broadside directions. To steer or scan the main beam to any other direction, β is simply
defined for a specific direction (θ0) as given in equation (27).
In order to obtain scanning beam control, two or more antenna elements are
required. To prove the concept of beam control with a stretchable liquid metal antenna
array and phase shifter, but to keep the design simple, the number of elements is limited to
two. Also, as part of the design, the separation distance between the two antennas is
initially set at approximately ¼ wavelength at 2.4 GHz which equates to 31.25 mm. The
two liquid metal monopole antennas are also made capable of being stretched
independently. This means that one of the monopoles could be stretched 20 mm while the
other could be stretched 10 mm. This will allow some flexibility in tuning the impedance
match, particularly with mutual coupling between the antennas. Lastly, for the initial
dimensions of the antenna elements, they are kept the same as was finalized with the
monopole design except that the ground radius was reduced from 15 mm to 14 mm.
The design goals of the array are to provide an input impedance of 50 Ω, a gain of
greater than 3.5 dBi, a phase shift capable of
180°, and a rotatable pattern of 180°, end to end.
To demonstrate a 180° rotatable pattern, the
array was plotted with beam maximums at 90°,
0°, and 270° according to the array orientation
Figure 57: Array orientation.

as shown in Figure 57.
6.3. Simulations

To create the array model, the CST Microwave Studio model for the stretchable
monopole was duplicated to create the two-antenna array. The parameters for both
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antennas were kept separate in order to independently control delta for each model, labeled
delta1 and delta2. In addition, a separation parameter was added to provide control over
the separation of the two monopole antennas. Equation (27) was used to calculate the phase
shifts to generate the maximum beam directions at 90°, 0°, and 270°—at 2.4 GHz, these
equated to 90°, 0°, and -90° respectively. Finally, the simulations were run with each of
these specific phase shift values at 2 GHz, 2.4 GHz, and 3.5 GHz.
6.3.1. Active Return Loss and Radiation Patterns
By modifying delta1 and delta2, the best return loss for each frequency was found.
Because of the mutual coupling of the antennas, the return loss was not just determined by
S11 or S22, but became the active return loss as determined by the sum of S11 and S12 or S22
and S21, depending on the antenna. Therefore, by using CST, first the values of delta1 and
delta2 were determined to produce the best active return loss for each frequency with each
phase shift (e.g. 90°, 0°, and -90° at 2.4 GHz). Then, with these values of delta (for each
phase shift at each frequency), the simulated radiation patterns were also generated.
Shown in Figure 58 through Figure 60 are the simulation results when delta1 and
delta2 are tuned for 2.4 GHz at the three phase shifts (90°, 0°, and -90°). On the left side
of each figure, the plot for the active return loss is shown. On the right side of each figure,
the plot for the H-plane radiation pattern is shown. Table 9 summarizes the results for each
phase shift at 2.4 GHz, to include the gain. To conserve space, the plots for only 2.4 GHz
are shown here while the plots for 2 GHz, 2.4 GHz (repeated), and 3.5 GHz are shown in
APPENDIX B. Additionally, Table 12 in APPENDIX B summarizes the results of all the
frequencies, to include the gain.
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Figure 58: Simulation results at 2.4 GHz with a 90° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Figure 59: Simulation results at 2.4 GHz with a 0° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect) shows identical curves, (Right) Normalized H-plane radiation pattern
showing a broadside beam.
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Figure 60: Simulation results at 2.4 GHz with a -90° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Table 9: Simulated array results at 2.4 GHz with beam directions 90°, 0°, and 270°.

Frequency
Beam direction (φ)
Phase shift on antenna 1
Delta 1
Delta 2
Ground radius
Separation distance
S11 + S12
S22 + S21
Gain at beam maximum

2.4 GHz
90°
90°
27 mm
10 mm
14 mm
31.25 mm
-14.26 dB
-15.45 dB
4.4 dBi

2.4 GHz
0°
0°
25 mm
25 mm
14 mm
31.25 mm
-13.50 dB
-13.50 dB
2.69 dBi

2.4 GHz
270°
-90°
10 mm
27 mm
14 mm
31.25 mm
-15.45 dB
-14.26 dB
4.4 dBi

As seen from the plots at 2.4 GHz, the simulations show good feasible impedance
matches and good radiation patterns. As can be seen from Table 9, the lengths of delta1 =
27 mm and delta2 = 10 mm are simply reversed when the phase shift is changed from 90°
to -90°. These phase shifts deliver endfire radiation beams at φ = 90° and φ = 270° while
providing nulls in their rear directions. Both endfire beams deliver a gain of 4.4 dBi. When
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the phase shift is set to 0°, delta1 and delta2 are set equal at 25 mm to create the broadside
beam. While the broadside pattern shows a peanut shape (as seen in Figure 59), it is also
observed that there is only a 3 dB loss from the maximum at φ = 0° to the troughs at φ =
90° and φ = 270°.
From review of the radiation plots for 2 GHz and 3.5 GHz in APPENDIX B, it is
seen that good impedance matches and good beam steering capabilities are still achieved
at 2 GHz, while at 3.5 GHz, a good impedance match was unable to be achieved when the
phase shift was at -131.25° or 131.25°. Unfortunately, at this frequency and these phase
shifts, increasing delta1 and delta2 could not help tune the resonance to 3.5 GHz as it was
already at a lower frequency with delta at 0 mm for both antennas. This mismatch and the
inability to decrease the separation distance below 30 mm contributed to the large
backlobes in the radiation plots at these phase shifts. In order to produce a better impedance
match with phase shifts at the extreme ends, it was decided to reduce the simulation
frequency to 3.2 GHz. While this frequency does not deliver the most ideal impedance
match (S11 + S12 and S22 + S21 of -10 dB or better) which would occur at 3 GHz, the match
provides an S11 + S12 = -15.56 dB and S22 + S21 = -6.74 dB which may be acceptable with
high gain. In spite of the mismatch at 3.5 GHz and even 3.2 GHz at the extreme phase
shifts ends, when the phase shift is 0° with delta at 0 mm for both antennas, a good
impedance match is achieved on both antennas at both frequencies with S11 + S12 and S22
+ S21 of -10 dB or better. This contributes to a good broadside radiation pattern and a gain
of over 3 dBi at each frequency which is better than the broadside beam gain at 2 GHz and
2.4 GHz as seen in Table 12.
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Due to the simulations not showing the best results at 3.5 GHz, at this point, the
array is constructed and tested at 2 GHz, 2.4 GHz and also 3.2 GHz. Additional and future
research would consist of simulations at 3 GHz, testing at 3 GHz, and even construction
modifications to enable smaller separation distances between the antennas.
6.4. Construction
Construction of the of the antennas for the array followed the same procedure as
used previously for the stretchable monopole antenna in section 4.4. except that the ground
radius was decreased from 15 mm to 14 mm as it was shown
to produce better results during array simulations. Besides
these differences in the construction of the array antennas,
the only other construction necessary was that of designing
and 3D printing the test fixture to properly hold the antennas
at the desired separation distance. As shown in Figure 61
the test fixture used the same basic design of the monopole
antenna holder except that a threaded rod was added at the
base of the holders to control the separation distance. By

Figure 61: Test fixture for array.

twisting this threaded rod, the antennas’ separation distance could be decreased or
increased as necessary.
Once the test fixture to hold the antennas was printed, the antennas and the phase
shifter could be assembled together as a complete array with the necessary feed assembly.
The other necessary components of the feed assembly include an RF splitter, RF cables, an
adapter, and inline attenuators (ideally a variable attenuator) to assist in matching the input
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power at the antennas. A sketched diagram of the setup is shown in Figure 62 with a photo
of the setup external to the chamber shown in Figure 63.

Figure 62: Array setup and assembly.

Figure 63: Photo of array setup excluding the attenuator and antennas inside the anechoic chamber.

6.5. Measurements
With the 3D printed test fixture constructed and the splitter, adapters, and
attenuators acquired, measurements of the array could commence. Measurements of the
array consisted of generating the H-plane radiation patterns at 2 GHz, 2.4 GHz, and 3.2
98

GHz via the required phase shifts on antenna one, e.g. 90°, 0°, and -90° at 2.4 GHz, in
order to show end to end beam steering of φ = 90°, φ = 0°, and φ = 270°. However, in
order to do this, a multistep process was followed which involved marking the phase shifter
for phase shifts at -90°, 0°, and 90° at 2.4 GHz, determining the correct stretches of the
antennas to produce the best active return loss for the different phase shifts at 2.4 GHz, and
assembling the phase shifter and antenna array with the correct lengths for the three
different phase shifts at 2.4 GHz in order to perform the pattern measurement in the
anechoic antenna chamber. Once this was done, these steps had to be repeated at 2 GHz
and 3.2 GHz. The steps are explained in more detail below.
6.5.1. Active Return Loss and Radiation Patterns
In order to prepare to tune the array antennas for the best active return loss at a
specific frequency (e.g. 2.4 GHz) for specific phase shifts, first a method for ensuring the
correct phase shift at each antenna had to be determined. This was done by measuring the
phase angle of the signal delivered to antenna 2 (the one without the phase shifter inline),
measuring the phase angle of the signal delivered to antenna 1 (the one including the phase
shifter), tuning the phase shifter for the desired phase difference (-90°, 0°, or 90° for 2.4
GHz), and marking the specific lengths on the phase shifter test fixture to reproduce it when
measuring the active return loss and the radiation patterns in the anechoic antenna chamber.
Due to the difficulty of measuring the active return loss of the array through a
splitter, a phase shifter, an attenuator, several adapters, and 6+ feet of RF cables, the RF
path was cut down to the minimal length possible. This was done only for the purpose of
measuring and tuning for the best active return loss—for measuring the radiation patterns,
the initial RF path and markings on the phase shifter test fixture were still used.
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To minimize the RF path, port 1 of the network analyzer was connected straight to
the phase shifter with any necessary adapters and port 2 of the network analyzer was
connected through only the necessary attenuators. However, prior to doing this, the phase
shifts at 2.4 GHz had to be remeasured and marked on the phase shifter test fixture due to
the new minimal RF path. Additionally, the loss through the phase shifter was required to
know how much attenuation to use in the path for antenna 2 in order to match the input
power levels at both antennas. Once this was done, port 1 of the network analyzer was
connected to antenna 1 through the phase shifter and port 2 of the network analyzer was
connected to antenna 2 through the attenuator. With a 2-port calibration previously
completed, all that was left was to set the length of the phase shifter for the desired phase
shift, ensure the antennas were properly installed in the array test fixture, and to measure
S11 and S22 simultaneously (on a split screen) in order to measure the active return losses
(S11 + S12 and S22 + S21). The antennas were initially stretched at the values of delta1 and
delta2 provided by the simulations with any additional antenna length tuning done to
deliver the best active return losses for the desired phase shift at 2.4 GHz. With the best
active return loss obtained (values shown in Table 10), the array test fixture was marked to
reproduce the impedance match when testing in the anechoic antenna chamber.
This procedure of measuring phase shifts, marking the phase shifter test fixture for
the desired phase shift, tuning for the best active return loss, and marking the array test
fixture for the best impedance match had to be repeated at each of the desired phase shifts.
Additionally, this entire procedure then had to be repeated at the other desired frequencies
due to phase shifts varying at different frequencies.
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After these procedures were complete, the antennas and phase shifter were then
fully assembled in the desired set up configuration for radiation pattern testing in the
anechoic antenna chamber as shown in Figure 64 and Figure 65. With the initial phase
shifter markings being used, the phase shifter was stretched to the required length for the
desired phase shift, the antennas were stretched to their required lengths for the best
impedance match corresponding to the specific phase shift, and the H-plane patterns were
then measured inside the anechoic antenna chamber at 2 GHz, 2.4 GHz, and 3.2 GHz for
each of the required phase shifts (e.g. 90°, 0°, and -90° at 2.4 GHz), in order to show end
to end beam steering at φ = 90°, φ = 0°, and φ = 270.

Figure 64: Radiation pattern testing configuration for measuring the beam direction of the antenna array.
The sketch also shows the direction of rotation on the test tower.
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Figure 65: Array setup on the rotating tower in the anechoic antenna chamber.

Once the initial radiation pattern was measured, it was found that the stretched
length of the phase shifter and the antennas required adjusting to deliver the best results.
Shown in Figure 66 through Figure 68, are the measurements of the active return loss (S11
+ S12 and S22 + S21) and the normalized H-plane radiation patterns (including the simulated
patterns) at 2.4 GHz with phase shifts at 90°, 0°, and -90° for beam directions at φ = 90°,
φ = 0°, and φ = 270°. To conserve space, the measurements for 2 GHz, 2.4 GHz (repeated),
and 3.2 GHz at each phase shift or beam direction are shown in APPENDIX C.
Additionally, Table 10 provides the active return loss values as determined previously
when tuning the antenna elements for best return loss at each phase shift.
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Figure 66: Measurement results at 2.4 GHz with a 90° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Figure 67: Measurement results at 2.4 GHz with a 0° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing a broadside
beam.
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Figure 68: Simulation results at 2.4 GHz with a -90° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Table 10: Measured array results at 2.4 GHz with beam directions φ = 90°, 0°, and 270°. Also repeats
simulated values for comparison.

Frequency
Beam direction (φ)
Phase shift on antenna 1
Stretch 1
Stretch 2
Separation distance
S11 + S12
S22 + S21

2.4 GHz
90°
90°
19.3 mm
18.9 mm
31.25 mm
-18.6 dB
-20.5 dB

2.4 GHz
0°
0°
22.6 mm
20.8 mm
31.25 mm
-16.9 dB
-19.5 dB

2.4 GHz
270°
-90°
20.5 mm
19.3 mm
31.25 mm
-21.3 dB
-23.9 dB

Delta 1 (simulated)
Delta 2 (simulated)
S11 + S12 (simulated)
S22 + S21 (simulated)

27 mm
10 mm
-14.26 dB
-15.45 dB

25 mm
25 mm
-13.50 dB
-13.50 dB

10 mm
27 mm
-15.45 dB
-14.26 dB
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As seen from the figures, the radiation patterns clearly showed the ability to steer
the beam from φ = 90° to 270°. In addition, the patterns showed a relatively good match
to the simulated patterns. The active return loss also showed the ability to provide a good
impedance match at 2.4 GHz by adjusting (stretching) the lengths of the antenna elements.
However, as stated previously, once the radiation patterns were measured, it was found that
the phase shifter and antennas required adjusting in order to provide good radiation
patterns. The adjustments were significant enough that the stretch values for the two
antenna elements did not closely match the simulated values for delta and were not
recorded for 2 GHz or 3.2 GHz. As shown in Table 10 for 2.4 GHz, while the antenna
stretch values were different from the values for delta (simulated values), the stretch values
(measured values) did not vary much with the phase shift changes from 90° to -90°. The
most likely reason for this is due to the difficulty in determining the exact phase angle
delivered to the antennas. Several attempts were made to measure the exact phase angle
delivered to the antennas to ensure the correct phase shift and best return loss; however,
any addition of an adapter, the splitter, or the phase shifter easily changed the phase angle
delivered to the antenna. This is an area that would benefit from additional research and
studies to determine the best technique for measuring the active return loss for the desired
phase shifts at the antenna elements. Despite these difficulties, the radiation patterns for
each frequency (2 GHz, 2.4 GHz, and 3.2 GHz) all show relatively good matches to the
simulated patterns and most of all show the ability to steer the radiation pattern from φ =
90° to 270°.
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6.5.2. Gain
While capturing the radiation patterns for the array, the transmitted and received
power levels were also captured. By knowing the cable loss and calculating the free space
path loss, the gain of the array was able to be calculated by using equation (28)—the same
way the gain was calculated for the single stretchable monopole antenna. The array gain
at each frequency and beam direction is shown in Table 11.
𝐺𝑟 (𝑑𝐵) = 𝑃𝑟 (𝑑𝐵𝑚) − 𝑃𝑡 (𝑑𝐵𝑚) − 𝐺𝑡 (𝑑𝐵) + 𝐶𝐿 (𝑑𝐵) + 𝐹𝑆𝑃𝐿 (𝑑𝐵)

(28)

Table 11: Measured array gain at 2 GHz, 2.4 GHz, and 3.2 GHz with φ = 90°, 0°, and 270°.

As seen from the table, the gain values for the array are much better than what was
obtained from the single monopole. However, the array gain at certain frequencies and
beam directions does not closely match the simulated gain. Once again, this is attributed
to irregularities in the anechoic antenna chamber at higher frequencies and also the
necessity

to

send

the

source

horn

antenna

back

to

the

vender

to

be

recharacterized/calibrated. Additionally, the variations at 2.4 GHz and 3.2 GHz are
attributed to the variation of loss from the phase shifter as it changes from 90° to 0° to -90°
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at 2.4 GHz or 120° to 0° to -120° at 3.2 GHz. In spite of these variations, the array still
shows that it is meeting the goals of a 180° (end-to-end) rotatable pattern with 3.5 dBi of
gain.
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CHAPTER 7: Conclusion

While liquid metal use in antennas has received a surge in studies in the last decade
or two, the ability to apply it with a stretchable polymer opens new potential applications.
By injecting the liquid metal in an elastic polymer container, various different shapes can
be made and due to the stretchability, the electrical characteristics can be modified. This
research focused on demonstrating this ability by designing, simulating, constructing, and
characterizing a simple stretchable liquid metal monopole antenna. Furthermore, the
research expanded on this antenna work by designing, simulating, constructing, and
characterizing a stretchable, coaxial style, liquid metal phase shifter. Lastly, the research
combined the monopole antenna and phase shifter to demonstrate a phased array antenna
system. With the array complete, the system showed the ability to provide a steerable array
with a wide tunable band.
7.1. Stretchable Liquid Metal Monopole Antenna
The stretchable liquid metal monopole antenna was designed to operate with a midstretch at 2.4 GHz. However, by stretching the antenna up to twice its original length, it
was able to be tuned to over a frequency range of roughly 1.8 GHz to 3.8 GHz while still
delivering an S11 of -10 dB or better. Additionally, the radiation patterns showed what
would be expected based on theory for a monopole antenna. However, the gain of the
monopole antenna varied from roughly -3 dB to 2 dB depending on the frequency and
radiation cut (E-plane or H-plane). The varying gain and unexpected values at certain
frequencies dictates the need for further investigation into the root cause; however, while
it is possibly due to an antenna flaw, it is believed to be a characterization error of either
the source horn or the anechoic antenna chamber at specific frequencies.
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7.2. Stretchable Liquid Metal Coaxial Phase Shifter
The stretchable liquid metal coaxial phase shifter was designed to improve on the
results provide by Hayes et al. in [30] by modifying the shield from five hand-woven liquid
metal strands to a shield with a liquid metal tube-like shield. By doing this, the high
frequency breakdown was decreased which improved the transmission coefficient (S21)
from -2.7 dB at 2 GHz to better than -1.8 dB over the entire band of 1 GHz to 4 GHz, while
doubling the stretch to 40 mm. In addition, this was accomplished while also improving
the reflection coefficient (S11) from roughly -5 dB to better than -10 dB over the entire
band. Lastly, due to the high elasticity of the polymer used (EcoflexTM 00-30) and the
improved return loss, the phase shift at 2 GHz almost tripled from 74° to 203° while still
providing S11 of -10 dB or better. Overall, the phase shifter provided excellent results and
proved the ability to improve on previous research while also increasing the available phase
shift.
7.3. Stretchable Liquid Metal Antenna Array
One of the main goals of the phase shifter was to provide a 180° or more phase shift
to enable a 180° rotatable (end-to-end) phased array antenna. The phase shifter easily
exceeded this so constructing a 180° steerable array was simply a matter of assembling two
of the stretchable antennas and the phase shifter in an appropriate assembly made to match
the input power and deliver the proper phase shift. This was the most difficult aspect of
the array. Determining the proper phase angle at the input of the antennas became a
challenge, especially while trying to simultaneously tune the antennas to provide the best
active return loss (S11 + S12 and S22 + S21) at specific frequencies and phase shifts. In the
end, the majority of the tuning was accomplished by utilizing a trial-and-error method with
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the array fully assembled in the anechoic antenna chamber and many, many tests completed
to provide the properly tuned results. In spite of this challenge, excellent radiation patterns
were obtaining showing the beam steered over 180° (end-to-end) at three different
frequencies. Furthermore, the array provided good gain results, with some speculation
remaining concerning the gain at high frequencies. This again, as in the case of the
monopole antenna, could be a result of incorrect characterization of the source horn or the
anechoic antenna chamber itself. Overall, the liquid metal array showed good results and
indicated the possibilities of liquid metal use with stretchable antennas and phase shifters.
7.4. Additional and Future Research
Enhancements to this specific research could be obtained by improving the
accuracy of the gain measurements for the antennas. This would involve characterizing
the antenna chamber and also the source horn which would probably require being sent
back to the vender.
Another area to enhance this research would involve improving the procedure to
tune the antenna elements for the best active return loss while under differing phase shifts,
and then delivering these same results when measuring the radiation patterns.
Future research based on this work could focus on improvements and advancements
with the liquid metal phase shifter. Miniaturization or decreasing the size of the phase
shifter would increase the potential applications for its use. Also, a smaller phase shifter
would be more easily handled and stretched when tuning the phase shift.

Other

improvements to the phase shifter could involve enhancements to the construction when
dispensing the liquid metal. Also, further research could involve different shapes, such as
a flat phase shifter, which may be more conducive for tight spaces.
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APPENDIX A: Gain of Transmitting Horn
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APPENDIX B: Simulation Results of Array

Figure 69: Simulation results at 2.0 GHz with a 75° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Figure 70: Simulation results at 2.0 GHz with a 0° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect) shows identical curves, (Right) Normalized H-plane radiation pattern
showing a broadside beam.
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Figure 71: Simulation results at 2.0 GHz with a -75° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Figure 72: Simulation results at 2.4 GHz with a 90° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.
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Figure 73: Simulation results at 2.4 GHz with a 0° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect) shows identical curves, (Right) Normalized H-plane radiation pattern
showing a broadside beam.

Figure 74: Simulation results at 2.4 GHz with a -90° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.
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Figure 75: Simulation results at 3.2 GHz with a 120° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Figure 76: Simulation results at 3.2 GHz with a 0° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect) shows identical curves, (Right) Normalized H-plane radiation pattern
showing a broadside beam.
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Figure 77: Simulation results at 3.2 GHz with a -120° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Figure 78: Simulation results at 3.5 GHz with a 131.25° phase shift on antenna 1—(Left) Active return
loss (including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire
beam.
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Figure 79: Simulation results at 3.5 GHz with a 0° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect) shows identical curves, (Right) Normalized H-plane radiation pattern
showing a broadside beam.

Figure 80: Simulation results at 3.5 GHz with a -131.25° phase shift on antenna 1—(Left) Active return
loss (including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire
beam.
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Table 12: Simulated array results: 2 GHz, 2.4 GHz, 3.2 GHz, and 3.5 GHz with φ = 90°, 0°, and 270°.
Frequency (GHz)
Beam direction (φ)
Phase shift, antenna 1
Delta 1 (mm)
Delta 2 (mm)
Ground radius (mm)
Separation distance (mm)
S11 + S12 (dB)
S22 + S21 (dB)
Maximum gain (dBi)

2.0
90°
75°
47
28
14
31.25
-16.04
-16.24
3.88

2.0
0°
0°
42
42
14
31.25
-14.94
-14.94
2.5

2.0
270°
-75°
28
47
14
31.25
-16.24
-16.04
3.88

2.4
90°
90°
27
10
14
31.25
-14.26
-15.45
4.4

2.4
0°
0°
25
25
14
31.25
-13.50
-13.50
2.69

2.4
270°
-90°
10
27
14
31.25
-15.45
-14.26
4.4

Frequency (GHz)
Beam direction (φ)
Phase shift, antenna 1
Delta 1 (mm)
Delta 2 (mm)
Ground radius (mm)
Separation distance (mm)
S11 + S12 (dB)
S22 + S21 (dB)
Maximum gain (dBi)

3.2
90°
120°
0
0
14
31.25
-15.56
-6.74
4.66

3.2
0°
0°
4
4
14
31.25
-11.36
-11.36
3.18

3.2
270°
-120°
0
0
14
31.25
-6.74
-15.56
4.66

3.5
90°
131.25°
0
0
14
31.25
-8.42
-4.83
3.86

3.5
0°
0°
0
0
14
31.25
-11.02
-11.02
3.45

3.5
270°
-131.25°
0
0
14
31.25
-4.83
-8.42
3.86
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APPENDIX C: Measured Radiation Patterns of Array
2 GHz

Figure 82: Measured H-plane radiation
pattern at 2 GHz and φ = 0°.

Figure 81: Measured H-plane radiation
pattern at 2 GHz and φ = 90°.

Figure 83: Measured H-plane radiation
pattern at 2 GHz and φ = 270°.
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2.4 GHz

Figure 84: Measurement results at 2.4 GHz with a 90° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Figure 85: Measurement results at 2.4 GHz with a 0° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing a broadside
beam.
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2.4 GHz (continued)

Figure 86: Simulation results at 2.4 GHz with a -90° phase shift on antenna 1—(Left) Active return loss
(including mutual coupling affect), (Right) Normalized H-plane radiation pattern showing an endfire beam.

Table 13: Measured array results at 2.4 GHz with beam directions φ = 90°, 0°, and 270°. Also repeats
simulated values for comparison.

Frequency
Beam direction (φ)
Phase shift on antenna 1
Stretch 1
Stretch 2
Separation distance
S11 + S12
S22 + S21

2.4 GHz
90°
90°
19.3 mm
18.9 mm
31.25 mm
-18.6 dB
-20.5 dB

2.4 GHz
0°
0°
22.6 mm
20.8 mm
31.25 mm
-16.9 dB
-19.5 dB

2.4 GHz
270°
-90°
20.5 mm
19.3 mm
31.25 mm
-21.3 dB
-23.9 dB

Delta 1 (simulated)
Delta 2 (simulated)
S11 + S12 (simulated)
S22 + S21 (simulated)

27 mm
10 mm
-14.26 dB
-15.45 dB

25 mm
25 mm
-13.50 dB
-13.50 dB

10 mm
27 mm
-15.45 dB
-14.26 dB
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3.2 GHz

Figure 87: Measured H-plane radiation
pattern at 3.2 GHz and φ = 90°.

Figure 88: Measured H-plane radiation
pattern at 3.2 GHz and φ = 0°.

Figure 89: Measured H-plane radiation
pattern at 3.2 GHz and φ = 270°.
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